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A bstract
Future internet demands are constantly increasing, and terrestrial systems are unable 
to satisfy economically these demands in all geographical areas and thus broadband 
by satellite is a key potential service provision platform. Key technologies for a future 
broadband satellite system to provide services to the ” unserved” and ” underserved” 
areas are the generation of even smaller beams, with high accuracy and enhanced 
ACM for Ka band - Q /V  band and flexible payloads to cope with the non-homogeneity 
of the traffic. The research problem involves the studying and modelling of a future 
broadband satellite system capable of meeting the users’ demands.
Firstly, we evaluate and compare the performance of different configurations and how 
they affect the performance of the system in terms of capacity and QoS. In addition to 
this, the implications on the payload will be investigated. Secondly, diversity schemes, 
to cope with the high precipitation fades a t the feeder links, are studied. A conceptual 
overview takes place, and different aspects are examined and evaluated with respect to 
their effect on the payload. It is concluded th a t the design of such a system needs to 
consider both ground and space segment in order to result in an optimised design in 
term s of cost/bit. Thirdly, flexible options for a high throughput satellite system are 
investigated and evaluated. For the feeder link, a switching type transparent payload 
is also considered for the first time and a novel framework is introduced which aims 
to reduce the capacity losses by tuning the interconnections between feeder links and 
user links. For the user side and adopting the switching type payload architecture, a 
method to enhance the system’s flexibility and to better match the users traffic demands 
by combing flexible bandwidth allocation (Beam Hopping) with irregular beams sizes 
across the coverage area is proposed. Finally, the results of this study are sum up, and 
future research topics are proposed.
K ey  w ords: T erabit/s Satellite, Future Satellite, Smart Gateways, feeder link diver­
sity, irregular beams, resource allocation
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Chapter 1
Introduction
1.1 Scope and Objectives
The telecommunications market is very competitive and demanding. Terrestrial net­
works have some advantages over satellite based networks and their overall share is 
constantly increasing. To compete with this, satellite operators are constantly striving 
to provide services at comparable cost per bit. Future internet demands are dram at­
ically increasing year by year. It is foreseen th a t each user will demand 30 -40 Mbps 
uplink and 100 Mbps downlink by 2020 [4]. Global IP traffic will quadruple from 2009 
until 2014. The sum of video (TV, video on demand, Internet, and P2P) will continue 
to exceed 91% of global consumer traffic by 2014 [4]. Thus, broadband services will 
increasingly be influenced by the mix of traffic and in particular by video. HDTV 
has already reached homes, and 3D and UHDTV are on the way. An HDTV channel 
requires circa 7 Mbps (in DVB-S2) and 3DTV will require double this rate. Recently 
Cisco has predicted th a t the overall traffic for Europe in two years will exceed 104 
Petabytes. Terrestrial systems are unable to satisfy these demands in all geographical 
areas and thus broadband by satellite is a key potential service provision platform. 
Furthermore, it is foreseen th a t there would be a migration to mobile speech services 
by the end of the decade, increasing the importance of satellite delivery. In addition, 
satellite communications has the ability to cover wide areas, where the terrestrial can­
not economically access or provide services. Another advantage is their capability to be
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used to good affect for low density user services for example in rural areas. Moreover, 
satellites potentially have a low carbon footprint in the space sector and require less 
terrestrial infrastructure.
Current satellite capacities vary from 10 Gbps to 100 Gbps. For example, Wildblue- 
II offers a throughput of 10 Gbps, KaSAT of 70 Gbps and Viasat-I of 100 Gbps. 
Considering the traffic demands (bits/seconds), the raw capacity should approach a 
Tbps by 2020 to meet the demands. So the challenge is to reduce the cost/b it and 
to increase the capacity from today’s 100 per satellite Gbps to 1 Tbps by 2020. A 
simple way to achieve this is by widening the usable bandwidth and increasing the 
transmission power and utilizing more wisely the available resources. The usage of 
multi spot beams and frequency reuse are essential to increase the spectral efficiency of 
a system due to the restricted satellite spectrum availability. The main advantage of 
the usage of spot beams comes when the traffic is equally shared among the beams. It is 
however well known th a t the traffic varies in both space and time. Migrating to higher 
bands in order to achieve more spectrum, the signal experiences higher degradations, 
as the precipitation becomes more severe. For example the rain attenuation in Ka band 
may exceed 20 dB. This affects services such as teleconference and telemedicine which 
are subject to high availability requirements. Second generation satellites (Wildblue- 
II, KaSAT, Viasat-I) are achieving the economy of the scale due the usage of multi 
spot beams (up to 100) with high frequency reuse (Ka band) and adaptive modulation 
and coding (ACM). The question, is can satellites in Ka band with current inflexible 
payloads support the traffic demands th a t arise and if not what can be done to fix the 
situation? Key technologies to answer this question are the generation of even smaller 
beams, with high accuracy and enhanced AGM for Ka band - Q /V  band, providing a 
wider range of signal to noise ratio (SNR). But by generating very narrow spot beams, 
the issue of increased interference between them  becomes very im portant. Moreover, 
increasing the frequency reuse factor to reduce the co-channel interference potentially 
reduces overall system capacity. In future telecommunication systems, the aspect of 
availability is of critical importance to the QoS for the costumers. Power control and 
ACM [5] techniques are not sufficient to compensate for high signal degradations such 
as these experienced in Ka, Q /V  bands. Thus, the research of new technologies is
1.2. Research Problem
necessary. A very promising technique which combines the concept of site/antenna 
diversity with the utilisation of the existing infrastructure is Smart Gateway diversity 
[1],[6],[7]. It is a new technique as the link availabilities can be increased dramatically 
whilst keeping the cost to reasonable levels.
1.2 Research Problem
The research problem involves the studying and modelling of a future broadband satel­
lite systems capable of meeting the users’ demands to 2020 and beyond. The study 
considers both the ground and space segment. This Ph.D seeks to make contributions 
in three areas:
1. The space segment multi beam antenna/frequency-polarisation reuse design - 
detailed system modelling,
2. Smart Gateways - evaluation of performance, architecture issues and its effect on 
the satellite payload,
3. Flexible resources allocation in both feeder and user links.
In overall system modelling, we evaluate and compare the performance of different con­
figurations and how they affect the performance of the system in terms of capacity and 
QoS. In addition to this, the implications on the payload will be investigated. On the 
Smart Gateways side, first a conceptual overview will take place, and different aspects 
will be examined and evaluated with respect to  their effect on the payload. Moreover, 
flexible options for a High Throughput Satellite (HTS) system are investigated and 
evaluated. For the feeder link, a switching type transparent payload is also consid­
ered for the first time. It is assumed th a t during a frame period, a feeder link can be 
connected to different user links or a user link can be served by different feeder links. 
A novel framework is introduced which aims to reduce the capacity losses by tuning 
the interconnections between feeder links and user links, by taking into account the 
atmospheric losses on the feeder links and the user links’ traffic demands. Ultimately,
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this framework aims to provide more flexibility in the system and in the reduction of 
the costly gateway ground segment.
For the user side and adopting the switching type payload architecture, the flexibility is 
via irregular beam sizes combined with flexible bandwidth allocation is studied for the 
first time. A beam hopping scenario has also been considered regarding the flexibility 
in bandwidth domain. A method is proposed to identify traffic sub-areas based on 
the traffic distribution profiles over the coverage area and then to place beams over 
them, selecting appropriate beamwidths. In addition, an algorithm to map the beams 
to satellite antenna reflectors such as to maximise the minimum inter-beam distances 
within a reflector is proposed. Then, an algorithm to find the appropriate beam hopping 
switching sequence is considered. Four scenarios, one without any kind of flexibility, 
one with only bandwidth flexibility, one with only irregular beam sizes, and one with 
both irregular beam sizes and bandwidth flexibility are compared. The ultim ate aim of 
this framework is to introduce more flexibility to the system design, resulting in more 
efficient usage of the available space resources and satisfying better the users traffic 
demands, thus reducing the system’s cost/bit.
1.3 Contributions and Achievements
The main novel contributions of this work are as follows:
• Overall system modelling of a multibeam satellite system.
• Evaluation of performance of smart gateway diversity scheme.
• Flexible resource allocation for the feeder links.
• Joint optimisation of irregular beam sizes and bandwidth allocation.
In the course of the Ph.D., the results of the research work in this thesis have been 
published as follows:
1.3. Contributions and Achievements
•  A. Kyrgiazos, B. Evans, and P. Thompson, "On the gateway diversity for high 
throughput broadband satellite systems” , IEEE Transactions on Wireless Com­
munications, submitted.
• A. Kyrgiazos, B. Evans, and P. Thompson, ” Gateway Diversity via Flexible Re­
source Allocation in a M ultibeam SS-TDMA System” : Communications Letters, 
IEEE , vol. 17, no.9, pp .1762,1765, September 2013
• A. Kyrgiazos, B. Evans, and P. Thompson, "Irregular beam sizes and non-uniform 
bandwidth allocation in HTS multibeam satellite systems” : in 31th AIAA Inter­
national Communications Satellite Systems Conference (ICSSC), Florence, Italy, 
2013.
• A. Kyrgiazos, B. Evans, and P. Thompson, "Dynamic resource allocation for a 
future satellite system employing an SS-TDMA payload” : in 31th AIAA Inter­
national Communications Satellite Systems Conference (ICSSG), Florence, Italy,
2013.
• A. Kyrgiazos, B. Evans, and P. Thompson, P.T. Mathiopoulos, S.Papaharalambos, 
” A T erabit/s Satellite for European Broadband Access : A Feasibility Study” , 
in International Journal of Satellite Communications and Networking, January,
2014, D01:10.1002/sat.l067
• A. Kyrgiazos, B. Evans, and P. Thompson, ”System Design for a Broadband Ac­
cess Terabit s satellite for Europe” : in 18th Ka band Broadband Communications 
, Navigation and E arth  Observation Conference, Ottawa, Canada, 2012.
• A. Kyrgiazos, B. Evans, P. Thompson, and N. Jeannin, ” Gateway diversity 
scheme for a future broadband satellite system,” in Advanced Satellite Multi- 
media Systems Conference (ASMS) and 12th Signal Processing for Space Com­
munications Workshop (SPSC), 2012 6th, 2012, pp. 363-370.
• A. Kyrgiazos, B. Evans, and P. Thompson, ” System Design for a Broadband Ac­
cess Terabit s satellite for Europe,” : in 17th Ka band Broadband Communications 
, Navigation and E arth  Observation Conference, Palermo, Italy, 2011.
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Moreover, there has been involvement in two further publications, not closely linked to 
the PhD:
• T. W. C. Brown and A. Kyrgiazos, ”0 n  the small scale modeling aspects of dual 
circular polarized Land Mobile Satellite MIMO channels in line of sight and in 
vehicle” , European Conference on Antennas and Propagation 2011, 11-15 April 
2011, Rome
• King, P.R., Brown, T. W C, Kyrgiazos, A. and Evans, B.C., ”Empirical-Stochastic 
LMS-MIMO Channel Model Implementation and Validation” , Antennas and Prop­
agation, IEEE Transactions on , vol.60, no.2, pp.606,614, Feb. 2012
This work was done in the context of:
• SatNex-III - an ESA network of excellence in satellite communications, in which 
a feasibility of a T erabit/s satellite design was addressed for the first time..
• Towards the T erabit/s satellite - an ESA study, following on from the above, and 
led by Astrium
• A study performed for Astrium on a multibeam satellite design for South America.
• The work has been continued in the context of an EU FP  7 integrated project - 
BATS (Broadband Access via integrated terrestrial and satellite systems)
1.4 Structure of Thesis
This thesis consists of seven chapters, which are organised in the following way: 
Chapter 1 gives a basic introduction to the research work. This includes an overview 
of the objectives and scope of the thesis and its novel achievements.
Chapter 2 presents a basic review of the background theory used in the thesis. This 
includes the state of the art for a Tbps satellite system and the smart gateways concept. 
Chapter 3 discusses the system modelling for a future high throughput satellite sys­
tem, including different antenna characteristics, frequency plan, number of beams, and
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evaluating in terms of C /I distribution and raw offered capacity.
Chapter 4 presents the Smart gateways diversity scheme and several architectures are 
discussed. Simple formulas are proposed for the evaluation of the achieved availabilities 
for these schemes. Also, the impact of each scheme on the space and ground segment 
is discussed.
Chapter 5 presents an architecture and a framework th a t aims to further reduce the 
size of the ground segment by applying flexible resources allocation amongst the sm art 
gateways. This architecture considers again a switching type payload, where the time 
th a t each feeder link is connected with a user link can vary with time. A framework is 
proposed th a t tunes the time between these interconnections and th a t aims to  reduce 
the capacity losses, and inherently the number of the gateways needed in the system. 
Chapter 6 proposes a joint beam lattice and flexible bandwidth methodology for a fu­
ture satellite system. A switching type payload is assumed as in chapter 5. On top of 
beam hopping, the sizes of the spot beams are engineered in order to  cope with the 
uneven traffic more efficiently.
Chapter 7 presents a summary of the conclusions drawn from the thesis and suggests 
some future research work.
Chapter 1. Introduction
Chapter 2
Background and Literature 
Survey
This chapter focuses on a literature survey and state of the art. It is im portant to  note 
th a t this is a very new area with the Tbps satellite concept only first mentioned in 
2010, and the sm art gateways concept in 1998, and hence there is not a long history of 
publications. Firstly, we discuss the aspects of a future broadband satellite and then 
the Smart Gateways scheme is presented.
2.1 Future Broadband Satellite System
Broadband satellite systems have tended to  be power limited but are now increasingly 
becoming also bandwidth limited with the introduction of more powerful satellites. 
However they have the advantage of providing access to areas such as rural/suburban 
where terrestrial systems are uneconomic. Due to the lack of optimisation, terrestrial 
systems outperform satellite in terms of cost per bit, and thus the target for a future 
broadband satellite system is to reduce the cost/bit.
Mobile satellite systems (to sea and to some land areas) are currently applied in L /S 
bands and fixed satellites in C and Ku bands, but both of these areas are becoming 
saturated. As the demands for satellite capacity has steadily increased and exceed the
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limits of L/S and Ku band(congestion in orbital slot, spectrum), the migration to Ka 
or even in Q /V  band is considered necessary.
The current generation of large geostationary satellites are characterised by a capacity 
of up to 10 Gbps and are about 6 Tonnes in weight. These satellites are flexible C 
and Ku band satellites with a number of transponders th a t can be used or leased for 
flexible purposes e.g. TV distribution, VS AT systems etc. The fixed broadband access 
satellites e.g. KaSAT, Viasat 1, Hylas 1 are different as they are bespoke to broadband 
access and consist of a number gateways and user terminals th a t form a "network" 
th a t is fixed and offers specific services. Just on the horizon is the next generation 
which will take the capacity higher than 100 Gbps but with similar sized satellites 
(constrained by launchers and bus power) making use of a larger number of beams 
and more complex payloads. Here we look at the succeeding generation of satellites 
and set ourselves the challenge of a further order of magnitude increase in capacity 
to a Tbps satellite [8]. Broadband access to  the internet is a growing service area 
and satellites are ideally placed to deliver such services to areas th a t are uneconomic 
for terrestrial systems, so called "unserved" or "underserved" areas. Future internet 
demands are increasing dramatically year by year being driven more by video content. 
By 2013 an average European household requirement will be 500 GB/m onth. On 
average this would require in excess of 30 Mbps for domestic users wherever they are 
located. This represents a considerable increase on the digital plans [9] adopted for 
European countries which currently aim at 2 Mbps for all. Terrestrial systems will 
not be able to economically cover the whole population base at these rates, even with 
Long Term Evolution-Advance (LTE-A) becoming the endemic mobile standard by 
this timescale, and thus broadband by satellite on a Europe wide basis will be a key 
provider of the future internet architecture in order to avoid the so called Digital Divide. 
Furthermore, it is also forecast th a t following the migration of speech services from fixed 
to mobile, broadband is likely to follow suite in the latter part of the decade increasing 
the importance of mobile satellite delivery to ensure full coverage. Considering the 
traffic demands, the challenge is to ensure th a t all Europeans will experience internet 
rates above 30 Mbps with a t least 50% above 100 Mbps [10].
Until recently ESS satellites have been developed such th a t they can flexibly meet a wide
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range of service roles thereby covering diverse markets. Such systems are not optimum 
for broadband access services and tend to be power limited but are increasingly also 
becoming bandwidth limited. Their ability to provide services at comparable cost/b it 
to terrestrial systems has been technology limited. However they have the advantage of 
wide coverage and this will persist for broadcast and multicast services. The cost/b it 
comparator still exists and whilst rural users might expect to pay a small premium it 
cannot be too far out of line with terrestrial costs. In the short term  the challenge is 
to reduce the cost/b it by an order of magnitude and in the longer term  by two orders 
of magnitude.
As the demand for satellite capacity has steadily increased the limits of traditional Ku 
band satellites due to  congestion of orbital slots is evident as well as the limitations in 
the spectrum available to cope with predicted demands. In addition these satellites are 
built to cover wide geographical areas and hence have limitations to support flexible dis­
tribution of bandwidth that will be needed for a European broadband satellite service. 
These limitations force us to look at higher frequency bands of Ka and above where 
it becomes easier to realise a larger number of spot beams on board the satellite and 
hence via frequency reuse achieve the capacity requirements. The maximum advantage 
of spot beam usage comes when the traffic is shared equally among beams. However it 
is well known th a t in practise the type and volume of traffic varies in both space and 
time. The migration to higher frequency bands causes the signal to experience higher 
attenuation due to precipitation.
Broadband demand is currently being met terrestrially by local loop systems such 
as ADSL 2, VDSL 2 but as the requirements exceed 10 Mbps only around 40% of 
households in the UK will be able to be serviced. FFTH across Europe is patchy and 
unlikely to be the answer for 20 to 30 years if ever in some areas. Cable networks are 
also sparse and not available a t all urban ans some suburban areas. Wireless terrestrial 
is also a t the mercy of spectrum allocation which is non uniform and LTE-A systems to 
deliver in excess of 30 Mbps across cells is still a long way off and may never reach the 
rural areas. Thus the market across Europe indicates th a t there is demand for satellite 
services of this type. A study by ID ATE in 2009 [11] considered the households th a t 
were not covered by broadband and considered the unserved market as follows:
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•  Western Europe 5.2 million
• Baltic countries 0.6 million
•  Eastern Europe 6.6 million
• North Africa 18.0 million
In addition, there have been four studies of market demand conducted recently (2009):
1. Northern sky research: A ten year forecast which indicates th a t by 2018 satellite 
broadband will reach 1.2 million subscribers in Europe [12].
2. SES ASTRA study: A detailed country by country study which includes the 
increased take up of terrestrial broadband and indicates the addressable satel­
lite markets not being served by terrestrial in low/median and high by 2020 as 
0.44/0.85/1.25 million [13].
3. Eutelsat study: Indicates th a t the addressable market of satellite broadband will 
reach 3.5 million by 2018 [14].
4. BATS study: Foresees th a t the the addressable market of satellite broadband 
access will be circa 5 Tbps by 2020 [15].
The above studies all indicate a significant market for European satellite broadband in 
terms of households th a t will not be served by terrestrial means even given the increase 
in terrestrial provision. If we include North Africa in the coverage the market becomes 
very large.
In [8] the feasibility of a Terabit system was addressed for the first time. The tech­
nologies and techniques which are necessary for its implementation were analysed. The 
authors in [16], try  to dimension the system and expose the key issues th a t need to 
be further addressed. They concentrated on a single geostationary satellite but they 
recognise th a t other solutions may exist. Analysing the spectrum availabilities at Ka 
-band and Q /V  bands, it was concluded th a t 2.5 GHz can be used with some restric­
tions in Ka-band (with coordination as the band is shared), while in Q /V  band 4 GHz 
again with some constraints was available.
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2.2 Spectrum considerations
As has already been indicated in [8] the available satellite spectrum in Ku band is not 
sufficient to satisfy future user demands. For this reason this study will concentrate on 
the higher bands where more spectrum is available. Therefore, both Ka and Q /V  bands 
will be examined. The spectrum for an EU wide satellite system is very complex with 
country to country variations and only 2 x 500MHz is available for satellite exclusive 
use in Ka band. Thus it is fair to state th a t the demands for services have not allowed 
satellite spectrum to be allocated in a more considered basis. This study considers the 
use of both exclusive and shared band at Ka band for the User Terminal (UT) links 
and because of the higher capacity required to consider Q /V  bands for the gateways.
2.2.1 Ka Band
Exclusive bands for satellite are 19.7-20.2 and 29.5-30 GHz th a t is 2 x 500 MHz across 
the European Union (EU) and this is used by both HYLAS (Avanti) and Ka-SAT 
(Eutelsat). Under European Electronic Gommunications Gommittee (EGG) decisions 
[17], [18] these bands are exempt from individual licensing for EIRP terminals (x  50 
dBW  (recently updated in the UK to 55 dBW) and in some countries 60 dBW). All 
other parts of Ka band have shared primary frequency allocations and thus would be 
subject to coordination a t particular earth station sites. The band 20.2 to  21.2 GHz 
is a dual military - civilian use band with the possibility of reuse but this would be 
difficult to coordinate across Europe and has not been considered herein.
For the uplink, the spectrum 27.5-29.5 GHz is shared with Fixed Services (FS); some 
portions have been auctioned in UK, thus coordination is required. The spectrum  
between 24.75 -25.25 GHz in available in ITU Regions 2/3 but not Region 1. Hence
2.5 GHz is available for use but with restrictions.
For the downlink, the spectrum between 17.3-19.7 GHz is shared with Broadcasting 
Satellite Service (BSS) feeder links and is also shared with FS with many terrestrial 
links operating across EU. Thus coordination is needed and maybe it is restricted to 
rural areas. The spectrum between 21.4-22 GHz is available in ITU Regions 1/3 and
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it is shared with FS/M obile/BSS. Hence 3 GHz is available but with restrictions.
The current EU interest regarding the use of Ka-Band are currently under review and 
a draft report indicates the various interests in the European Gonference of Postal and 
Telecommunications Administrations (GEPT) [18].
2.2.2 Q /V  Band
There are no exclusive bands for satellite, Fixed Service Satellite (FSS), here and thus 
all this spectrum is subject to  coordination with other users, even if used for U T’s. 
This is not a show stopper bu t complicates the business model.
For the uplink, the spectrum between 42.5-43.5 GHz is shared with FS/M obile/Radio 
Astronomy (RA). Portions of it have already been auctioned in UK (3 operators paired 
with above); The spectrum between 47.2-50.2 GHz is shared with FS/Mobile but also 
with military and Outside Broadcast restrictions apply; In addition, the spectrum 
between 50.4-51.4 GHz is shared with FS /Mobile but in some countries military re­
strictions apply.
For the downlink, although the spectrum between 37.5-39.5 GHz is shared with FS/M obile/ 
Space research, this band is extensively used by FS. 40.5-42.5 GHz is shared with 
FS/B roadcasting/ BSS/Mobile. As in the uplink, some portions of this band have 
been auctioned in UK (3 operators) and in some other countries, requiring coordina­
tion.
Hence, 5 GHz is available for the uplink and 4 GHz for the downlink but with restrictions 
and coordination being required. GEPT ERG/DEG has provisions in some parts of the 
spectrum  and in some countries priority is given to military use. A summary of the 
available spectrum at Ka and Q /V  bands is shown in the following tables.
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Table 2.1: Ka Band available spectrum
A llo ca tio n D o w n lin k (G H z) U p lin k (G H z)
Exclusive 19.7 - 20.2 29.5 - 30.0
Shared 17.7- 19.7 27.5 - 29.5
Government 20.2 - 21.2 30.0 - 31.0
BSS (coord) 17.3 - 17.7 -
Available 2.5/2.9 2.5
Table 2.2: Q /V  Band available spectrum
A llo ca tio n D o w n lin k (G H z) U p lin k (G H z )
Unplanned FSS 37.5 - 39.5 42.5 - 43.5 +  49.2 - 50.2
Government 39.5 - 40.5 50.4 - 51.4
BSS (coord) 40.5 - 42.5 47.2 - 49.2
Available 4 4/5
As can be seen from Tables 2.2 and 2.1, the available spectrum is not continuous, and 
this affects the frequency planning as the discontinuities need to be taken into account.
2.3 Initial dimensioning
As already mentioned, in [16] the first paper to address the dimensioning of a Tbps 
satellite, the authors found th a t 88 beams (dual polarisation) and 175 (single polari­
sation) were needed for the UT beams and 55 beams for the feeder links in order to 
achieve a Terabit throughput, in an effort to minimise the number of spot beams and 
under some assumptions,. The assumptions were:
•  Frequency reuse factor of 3, to minimise the number of spot beams.
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Figure 2.1: System architecture
• MODCOD of the carriers 32APSK 5/6 (high value in DVB-S2 standard, see later 
section 3.3).
•  The rain/clim ate attenuation was not considered at this stage, the analysis is 
referred to clear sky conditions.
• Symmetric traffic (1:1 - forward : return link).
It was concluded that a mixed band solution (Q /V  bands in feeder link and Ka band 
in UT link) was more practical than a pure Ka or Q /V  band solution. Figure 2.1. The 
capacity for the gateways in not available in Ka band, thus it is logical to go to the 
next band Q /V. However for economic reasons, there is a good argument to stay at the 
Ka band for the user terminals.
2.3.1 Radio resource m anagem ent for a m ultibeam  satellite system
Current Ka-band satellite systems employ multi-spot beam technology to cover a wide 
area and to accommodate a wide range of services. But these satellites employ uni­
form RF power and bandwidth allocation to beams, limiting the system’s performance
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in non-homogeneous traffic distribution over the coverage area. Radio resource man­
agement (RRM) is of paramount importance for satellite systems as it distributes the 
limited resources more efficiently. Satellite resources are costly and must be efficiently 
utilised in order to provide suitable revenue to operators. The RRM techniques encom­
pass frequency and time channels, as well as transm itting power. They can be split 
into two categories: those involved in the system level design, where the allocation 
of the resources does not change frequently or at all during the lifespan of a satellite 
system, and those responsible for the assignment of the available resources to  the users 
by taking into account the time-frequency variant channels.
Regarding the system level RRM techniques, in the literature, different solutions have 
been proposed either dealing with the distribution of resources in one domain (power or 
bandwidth-time) or several domains simultaneously [19, 20, 21]. Especially, the beam 
hopping architecture. Figure 2.2, has attracted a lot of interest due to  its inherent 
flexibility. In [19, 20, 22, 23] the authors have studied the performance for such a 
system and proposed algorithms to find an appropriate switching sequence in order 
to better match the traffic demands. In [23], the authors have also compared the 
performance of several algorithms in the literature, highlighting the advantages and 
disadvantages of each one of them. In [24], the authors attem pt to optimise the useful 
capacity of a multibeam satellite system by joint power and carrier allocation. The 
algorithm proposed is a greedy algorithm which does not take into account the actual 
interference, but the interference model used is based on the results obtained by a 
uniform bandwidth allocation scenario. In [25], the authors proposed a joint power and 
carrier allocation algorithm for the satellite downlink with individual SNIR constraints. 
As in previous work, they use a greedy algorithm which iterates through the beams 
and allocates the lowest interference carrier to a beam. One domain th a t has not been 
investigated is the beam lattice, how to exploit different size beams in order to better 
match the traffic demands. Only in [26, 27] this topic is discussed but they authors 
do not elaborate or describe a method on how to design a beam lattice for a specific 
trafifc distribution over the wanted coverage area. In [26], the authors claimed th a t an 
improvement up to 50% can be achieved by using 4 different beam sizes.
Regarding the second category of RRM techniques, in [28] and [29], the authors propose
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Figure 2.2: Beam hopping concept
two power allocation policies to cope with the time-variant channels. In [28], the 
authors suggested a policy to maximise the total throughput by stabilising the amount 
of unfinished work in a queue and the individual channel states, while in [29] the 
authors discussed different objectives which attem pt to match the power allocation 
with the traffic demands considering the beams channel conditions. However, in the 
latter they consider th a t the channel state is the same across a beam ’s coverage area 
and they do not take into account the channel interference. In [30] and [31] the authors 
take into account the co-channel interference but they try to satisfy individual SINK 
constraints in terrestrial mobile communication systems. Furthermore, some cross layer 
solutions help to solve this problem. The ultim ate goal is to control the amount of 
resources assigned to each user, consequently to each beam, minimizing in that way 
the wastefulness of available resources and maximising the system’s throughput at the 
same time [32, 33].
In addition to the RRM, the combination of ACM can be adopted to compensate 
for the signal degradation by matching the channel conditions [5]. The selection of 
a suitable coding and modulation pair is based on SNR, allowing a predetermined
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ACM schedule to be referenced by the system. The potential advantage derived from 
the application of ACM to satellite networks has been investigated in-depth for the 
forward and the reverse link respectively. Thanks to the combination of physical layer 
adaptation and advanced coding/modulation schemes, the potential for a m ajor (up 
to four fold) capacity increase compared to current systems has been demonstrated. 
However, the results shown are based on the assumption of ideal channel estimation 
and physical layer adaptation [5]. An incorrect selection of the physical layer may lead 
to link capacity reduction or unacceptable packet loss probability. The key issue is 
efficiently achieving fink physical layer adaptability with implementation simplicity.
2.4 Diversity in Ka, Q, V  bands
Satellite operators are always concerned about the provision of the level of service 
quality (QoS) th a t they have promised to their customers. A network outage can 
result in significant loss of service for some thousands of users. Some service offerings 
can guarantee more than 99.9% availability in current frequency bands. But migrating 
to higher bands, where the precipitation fades are much greater, the availability of these 
services is subject to higher fades and so become more vulnerable. For a broadband 
access satellite system availability will be determined by both the availabilities on the 
feeder fink and on the user fink. In the latter case, ACM is efficient at Ka band to 
compensate the rain fades. On the feeder finks, carrying much higher capacity, ACM 
alone will not be adequate. An emerging technology to cope with these impairments 
(technically and economically) is the Smart Gateway diversity scheme. It is a virgin 
area; there are not many sources available in the literature. Mostly, authors having 
only addressed single site (antenna) diversity.
Firstly, a brief discussion about rain field modelling will be presented as it holds great 
importance for the development and testing of fade mitigation techniques.
2.4.1 M odelling o f rain attenuation in Ka, V , Q bands
For the frequencies above 3 GHz, most of the impairments occur in the troposphere 
up to 15 Km above E arth ’s surface. For the frequencies above 10 GHz the main cause
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of degradation, th a t system designers must overcome, is rain. This has been the focus 
for designers and researchers who have sought for many years to better understand the 
dynamics of rain patterns. In satellite systems, however, these rain patterns themselves 
are not so much of interest but the effect th a t they have on signal attenuation, either 
short term  or long term, and their second order statistics such as % of time exceeded 
annually, fade duration etc. In addition, the spatial and temporal correlations between 
any two sites are of param ount importance for the system designers.
Rain attenuation, caused by scattering and absorption by water droplets, is one of the 
most fundamental limitations to the performance of satellite communication links in 
the microwave region, causing large variations in the received signal power, with little 
predictability and many sudden changes. In the Ka- and Q/V-bands, the attenuation 
caused by rain is too severe to be accounted for by a fixed margin in the link budget. 
The widely and most common method for rain (attenuation - fade) prediction is the 
ITU-R rain attenuation model presented in Recommendation P.618-10. The model pro­
vides an estimate of the rain attenuation th a t will be exceeded for a specified annual 
time percentage, typically 0.01% but values between 0.001% and 5% can be used. Other 
alternative and models are available within the literature. Usually they are empirical or 
semi-empirical approaches which try  to combine by parametrisation of physical models 
and real experimental data  [34], or meteorological readings such as th a t collected by 
weather radar [35]. The range of frequencies and time percentages th a t can be applied 
also varies between models. The major disadvantage of such models is th a t they are 
not universal as they depend on experimental data at specific frequency, elevation angle 
and location.
One of the limitations of this approach is th a t the results can be rather static and fail 
to provide any information or indication about the time varying nature of rain attenu­
ation at a particular location.
In Figure 2.3, the CCDF of the rain attenuation in 20GHz and 50GHz is shown, ac­
cording to ITU-R model. As can be seen, the attenuation in V band is more severe, and 
for approximately 1% of time, the rain attenuation exceeds lOdB. These high attenua­
tion levels (accounting also gaseous, water absorption etc) cannot be compensated by 
existing techniques (UPPC, ACM), while single site diversity (one redundant ) seems
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Figure 2.3; CCDF of the rain attenuation for Ka & V band according to ITU-R P.618-10 
recommendation
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not economically feasible, for large number of gateways.
2.4.2 Site D iversity
By providing a satellite link with a number of alternative propagation paths, the de­
pendence on any one of the signals is alleviated. Figure 2.4. This is the underlying 
principle of site diversity, which aims to take advantage of the typically uncorrelated 
rain attenuation between distanced locations. Increasing the distance between two or 
more interconnected ground stations or antennas, can exploit the decorrelation between 
their atmospheric conditions, and through switching algorithms the overall availability 
of the system can be increased. The idea is simple; if the received signal is heavily 
attenuated in one area, switching to another ground stations can compensate it, and 
for this reason, the interconnected sites should be as decorrelated as possible. Transmit 
diversity is also an option but brings additional challenges in terms of synchronisation 
and ensuring simultaneous transmission do not occur. One of the most im portant fea­
tures is how the rain attenuation and fade duration are estimated or predicted. This 
estim ation/ prediction affects the selection algorithm and has a huge implication in the 
system design. By incorrectly predicting a deep fade, the traffic may unnecessarily be 
routed to the other site, dropping some traffic. Two main methods of prediction are 
found in the literature;
• Using the fade slope [36]
•  Using a neural network approach [37]
A comparison of prediction methods is carried out for the EHF frequencies in [38, 39] 
and [40] , while in [41] results are presented from actual measurements. In [42], different 
site diversity configurations were studied and optimised.
2.4.3 Smart gateways diversity scheme
It is envisaged th a t future systems may interconnect a number of gateways to allow 
traffic routing between them. Figure 2.5. In [1], this scheme is presented and discussed
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Figure 2.4: Single site diversity, one redundant ground earth station for every active 
one. The separation distance is large enough to ensure that the probability of both 
sites experiencing sinmltaneously deep fades is low.
24 Chapter 2. Background and Literature Survey
/
Figure 2.5: Smart gateways diversity scheme
for the first time. It can be said that Single Site Diversity is a special case of Smart 
Gateway diversity. Site diversity is considered as an option when it is not possible 
to cope with the atmospheric fading just by increasing the gateway sizing. Smart 
diversity techniques exploit the spatial diversity existing between the gateways in order 
to relax the requirements on the system margins, without requiring additional earth 
stations. Generally, the concept of Smart Gateways implies th a t when a GES becomes 
unavailable, then its traffic is routed through another GES. Typically, that gateway 
will be in another beam. The connection has to be re-established but with a niake- 
before-break strategy, creating a seamless handover. It is im portant to point out that 
the gateway diversity does not rule out the site diversity, as some additional sites can 
be added to the system to make it more robust and facilitate situations in which for 
specific reasons the re-routing of traffic is not desired. In [1], the author illustrates the 
benefit of the interconnection between such gateways. He makes a first level evaluation 
of the performance. He concludes that the system’s availability can achieve very high 
percentages for lower individual gateway availabilities.
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Figure 2.6: Replication of gateway diversity statistics presented in [1]. Shows the 
required individual gateway availabilities for specified target system availability.
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These results do not take into consideration any correlation issues between the gate­
ways because they are deemed totally uncorrelated. Also, it is implied th a t the traffic 
can be forwarded to another gateway in case of outage, but maybe this is not always 
the case (100% loaded). In contrast to the situation with antenna diversity, there are 
no requirements for rapid (re-) synchronization within the satellite. O ther gateways 
are considered already synchronized. When, and if, a faded gateway needs to reconnect 
to the satellite, the synchronization issue is not critical. In [43], a patent is presented 
relative to a sm art gateway diversity scheme. It refers to a ’’fixed” diversity method, 
where each gateway transm its a portion of a beam ’s capacity. The gateways operate in 
FMDA. In [44], a preliminary assessment of this macro-diversity scheme takes place. It 
is shown th a t this mechanism enables the system to preserve high availability without 
impacting significantly the satellite payload. Two aspects of this scheme were examined, 
called N-f 0 and Nd-P with P implying redundant site-gateways to the system as back 
up. These two mechanisms are compatible with bent pipe satellite payloads. In [2], the 
authors study various transmission strategies in Q /V  band feeder links from the effect 
of correlated rain field (< 100 Km) over the multiple input single output (MISO) chan­
nel between two gateways and a single geostationary satellite. This paper examines the 
performance of space-time coding (Alamouti), Maximum Ratio Combiner (MRC) and 
Equal Gain Combining (EGC). The last two strategies require channel state informa­
tion. The authors consider th a t this information can be obtained by frequency scaling 
of a received beacon signal or by using channel modelling prediction techniques [45]. 
For fair comparison, it is assumed identical power budget for all the schemes. For the 
examination of the diversity transmission, the authors make use of the prediction model 
from ITU-R Recommendation P.1815 [46]. The aim of this study is to examine which 
transmission strategy offers the greatest advantage. The spatial correlation between 
two sites separated by distance D is given by the ITU-R Recommedation P.1815:
(2 .1)
In Figure 2.7, the distribution of SNR for the different transmission strategies when one 
or two gateways are employed a t 20Km and 50Km can be seen. In Figure 2.7, it is shown 
th a t the performance of the transmission strategies is proportional to the amount of
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Figure 2.7: CDF of the received SNR distribution at 50 GHz for different transmission 
strategies (Single GW, MRC, EGC, Alamouti) [2], considering two transm itting ground 
stations separated by 20 and 50 Km.
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the available channel knowledge (CSIT). The strategy MRC performs the best, which 
utilises the full CSIT, and it is followed by the EGC with partial CSIT. Alamouti 
space time coding which does not make any use of CSIT performs worst. Between the 
Alamouti and MRC a 3dB difference can be shown, indicating the importance of CSIT. 
Finally, the author acknowledges th a t the choice of a certain transmission strategy 
does not depend solely on its performance but also to the type of the satellite payload 
needed.
In [6], the concept of routing algorithms in sm art gateways is investigated. It is assumed 
th a t the gateways are connected with each others and th a t the payload at the satellite 
operates in a regenerative mode. Also, each gateway has the ability to forward its 
traffic to other gateways, when it becomes unavailable, i.e. exceeded rain attenuation 
margin. Three different schemes are examined and compared. The first consists of a 
simple beam to beam system, where a GES serves exclusively either a beam or a pool 
of beams. The second approach is where each UT beam is served by every GES for 
a fixed portion of its capacity. The latter is an extension of the second but allowing 
more flexibility to the system. Each UT beam is served again by every GES, but the 
portion of the capacity is defined by the traffic demand in the beam. Considering 
traffic matrices from the Géant project and exploiting their data, simulations were 
carried out displaying the advantages of the smart gateway diversity scheme. W ith 
the sm art gateway diversity scheme, pre-existing gateway infrastructure is utilised, and 
their geographical spread is exploited as site diversity. But this demands spare capacity 
in the GES in order to accommodate the re-routed traffic. If every GES is 100% loaded, 
then there is no benefit to  the scheme. The results from this comparison are presented 
in Figure 2.8. As expected, allowing a UT beam to be served by a pool of gateways 
makes the system more robust to  precipitation fades, resulting in preserving the QoS. 
In addition, it is shown th a t the dynamic routing outperforms the fixed one. The 
flexible system requires a regenerative payload although the fixed diversity scheme can 
be implemented in a transparent payload. The second approach -fixed portion routing- 
can be considered as the N-1-0 mechanism mentioned in [7].
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Figure 2.8: Performance comparison of unsuccessful traffic (Losses) in a 4 gateway 
system at low correlation using (a) No Gateway Diversity, (b) Fixed Gateway Diversity 
(each UT beam is served by every GES for a fixed portion of its capacity) and (c) 
Flexible Gateway Diversity (each UT beam is served again by every GES, but the 
portion of the capacity is defined by the traffic demand in the beam).
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H a n d o v e r’s an a ly sis
To refine more, the issue in traffic handovers from one gateway to another is critical 
and affects directly the systems QoS. In [47], the author reviews the current approaches 
which can be applied to the Smart Gateway diversity scheme to support the handover. 
It is concluded th a t Mobile IP lacks some critical features to support this functionality 
in a grid of Smart Gateways. The primarily target in this scheme is the reachability 
of the commuted users by the network, which is a layer-3 issue. As mobile IP does 
not address Layer-3 reachability or Layer-2 handover, he concludes th a t its use does 
not solve the core handover issues. Moreover, the author discusses three alternative 
approaches for the layer-2 agnostic handling of traffic handover: traffic engineering, 
BGP and decoupling uplink from downlink with on board processing. As the use of on 
board processing is beyond feasible technology for 2020, it will not be further discussed. 
The first scheme requires the hub provider network to control the ingress of traffic to 
its network. Unlike network routing protocols (OSPF, IS-IS) which discover the change 
(deep fade) and slowly react, the reaction is built within the system architecture. In the 
case of traffic engineering, when an outage is detected, the traffic from the hub which 
experiences the deep fade must be rerouted to another ingress point for example via 
tunnelling. Mechanisms such as IP Fast Retoute [48] or MPLS Traffic Engineering [49] 
can also be useful. Using BGP in the gateway diversity scenario, and if it is deemed 
th a t all the gateways belong to the same autonomous system, then it is possible to 
choose the the BGP entry point, so th a t all the external traffic can be routed to the 
desired gateway. This can be done by iBGP between the gateways. This is an effective 
way to handle the upstream  ingress point. In addition to the above, the author notes 
the necessity for security mechanisms as there are trust issues and a desire to avoid 
spoofing. In [44], the issue of the handover is discussed. The handover of users to 
different carriers and gateways can be considered in three stages:
1. The detection/prediction of impairments on the feeder fink
2. the decision of commutation to others carriers, the decision to be taken by the 
NCC to which all the information concerning the state of the channel has been 
forwarded
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3. the execution of this change.
It is pointed out th a t this type of handover is very similar to  th a t in terrestrial WLAN 
networks when a mobile terminal has to change cell. The main difference is th a t the 
handover is centrally triggered by NCC. The idea is to perform a ”make-before-break” 
handover.
Detection/prediction phase
In this phase, the state of the forward uplink transmission is monitored. This can be 
done by the use of a beacon measurement, as in UPPC, and these measurements for­
warded to the NCC. The NCC inspects the measurements from the gateways, as well 
as the received C'/(AT +  7) from the users. According to these figures, it can be decided 
in which MODCOD each carrier will operate and if a handover to another gateway is 
necessary. As discussed before, prediction of attenuation one second ahead is possible 
[50].
Decision phase
In this phase, a decision has to be taken by the NCC. This decision has to consider 
the information about the state of transmission of each carrier/ gateway. Thus, an 
optimization algorithm whose cost function involving a large number of param eters 
e.g:
•  The achievable throughput - system’s offered capacity
•  The number of commuted users
• the type of services (rates, priorities)
has to be run.
Execution phase
After the decision is taken, the last phase is executed. This phase involves the signalling 
of the commuted users, their synchronisation to the new carriers, and the forwarding
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the traffic. The signalling can be performed with the use of the DVB-SI tables where 
the details about the carrier frequency, time slot, superframe etc can be sent. Then 
the user terminal can synchronise to the new carrier. This is the most time consuming 
procedure as the minimum time the UT needs for the synchronisation is 750ms [50, 51]. 
This is known as Link layer handover. In more detail:
•  The NCC sends to the user terminal a TIM message containing the necessary 
information for carrier synchronisation ( 250ms)
• The terminal will receive the message and extract the information needed for the 
target carrier
•  The UT will acquire burst synchronisation by the usage of SYNC bursts and 
GMT replies. Also, in DVB-S2/RCS there is the optional ACQ bursts.
•  When the UT synchronisation to the target carrier, it starts to receive the packets 
from the new carrier.
In Figure 2.9, the above procedure is illustrated. In order to achieve seamless-transparent 
handover the total time of the handover procedure has to be minimized and if possible 
not to exceed 1 second. The rationale for this is th a t the prediction of outage can 
occur only 1 second ahead. Thus, in case of outage, if the traffic of the UT has not 
been rerouted, it would result in loss of traffic. Considering TCP oriented applications, 
this can benefit from the slow restart of the traffic and may avoid network congestions 
and give the sufficient time to optimize the routing. To conclude, the handover delay 
consists of the following [50]:
•  S w itch in g  la ten c y , the time the UT needed to switch carriers
• IP  co n n e c tiv ity  la ten cy , the time of the new IP  acquisition after the link has 
been reinstated in the new point of the attachment
•  R e c e p tio n  la ten c y , the time that passes between UT can send IP packets and 
receives packets from and to the new care-of-address respectively.
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Figure 2.9: Schematic diagram of the execution phase of the handover process, sig­
nalling (between NCC, UT) and synchronisation of UT to new carrier.
One way to minimize the overall delay is to perform a proactive handover. By proactive, 
it is meant that the network handover has to be executed in parallel with the link layer 
handover.
2.5 Conclusions
In this chapter, a review of studies on a future broadband access satellite system was 
performed. The key aspects leading to its realisation were highlighted. Migration 
to higher bands where there is more available spectrum is seen necessary in order to 
reduce the gateway number and cost. Frequency reuse along with multiple spot beams 
are needed in order to achieve the wanted capacity. However, the generation of narrow 
beams gives rise to the interference, thus the C /I ratio needs to be examined and 
modelled carefully. The state of the art of RRM for a multibeam satellite system was 
presented and discussed. For such a system, flexible power and bandwidth allocation 
can be utilised to cope with the non-homogeneity of the traffic demands. However, one
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domain th a t could contribute to more efficient usage of the space resources, different 
beam sizes across the coverage area, has not been investigated adequately or at all. 
The Smart gateway diversity scheme will be used to compensate the large precipitation 
fades at the higher bands. The literature in this area is limited, as this scheme is 
quite new. A brief discussion about the different aspects of the implementation took 
place and their implications on the system were detailed. The aspect of commuting the 
traffic from one gateway to another was presented, and the requirements th a t need to 
be satisfied were exposed.
Chapter 3
High Throughput Satellite  
system  m odelling and design
In this chapter, the next but one generation of fixed broadband access satellite system is 
investigated and we proceed with an initial dimensioning of such a system for European 
region coverage, capable to  satisfy broadband internet access users demands by 2020. 
Here we look at the succeeding generation of satellites and set ourselves the challenge 
of a further order of magnitude increase in capacity to a Tbps satellite [8]. This study 
will concentrate on a single geostationary satellite, but we recognise th a t there could 
be other solutions; for example constellations or multiple smaller co-located (clusters) 
satellites. Herein, we will concentrate on a fixed broadband access HTS system suitable 
for traffic in 2020. The remainder of this chapter is organised as follows: in Section
3.1 we introduce frequency reuse schemes. Section 3.2 presents the approach to system 
design, in Section 3.3 we discuss the air interface. Sections 3.4-3.6 illustrate the results 
of a design study, in Section 3.7 the payload issues are addressed and we investigate an 
uneven traffic scenario.
3.1 Frequency reuse
In order to provide higher capacity in satellite systems, it is common to use multi 
spot beams on the satellite (e.g. Ka-Sat and Viasat-1). The level of interference th a t
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Table 3.1: Frequency reuse schemes
D E SIC iN A T IO N F R E Q U E N C Y  
S U B  B A N D S
P O L A R IS A T IO N S
2FAP
B eam s are sing le polarisation
but ad jacen t beam s m ay be 
the sam e frequency  but 
em ploys the opposite 
po larisation. T h is is eiassilled  
as an  alternating  polarisation 
schem e.
3FSP
B eam s are sing le polarisation 
only
B eam s are dual_polarised for 
each beam .
B eam s are sing le polarisa tion
but ad jacent beam  m ay  be the 
sam e frequency but em ploys 
the opposite  po larisa tion . This 
is classified  as an alternating  
polarisa tion  schem e.
Beam s are single polarisation 
only
will be experienced will be high unless some countermeasures are taken. The use of 
different frequency sub bands or polarisations in adjacent beams is needed to reduce the 
interference levels by appropriate filtering and to permit reuse of a sub band in a non- 
adjacent beam. The degree of frequency reuse is often described numerically by means 
of a Frequency Reuse Factor (FRF) [52]. This may comprise one or two underlying 
discrimination factors namely frequency sub band reuse and polarisation discrimination 
reuse by different beams. It is conventional in frequency reuse to segregate the frequency 
band into a number of sub bands which use different frequencies, usually 3, 4, 7 etc. 
These are referred to as colours and so we have 3 or 4 colour reuse. In addition, the 
polarisation discrimination between the beams can be used in various patterns. We 
develop the nomenclature iiFiiiP indicating the use of n colours and m polarisations. 
Freqnency reuse in the multi-spot beam antenna is commonly taken as either 3 or 4 
colours with higher values having diminishing returns. Consideration is given to several 
beam configurations as shown in Table 3.1.
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3.2 System  design
Choosing a pure Ka band solution would result in a very large number of gateway and 
spot beams, with inherent coordination and interference issues. An initial architecture 
th a t employs the use of Q /V  bands on the feeder links and Ka band on the user side 
appears to offer the best throughput. By this means, 4 GHz and 2.5 GHz in each 
polarisation are available for the feeder links and UT links respectively. In the latter 
case, with the existing regulation only 500 MHz is available in the exclusive satellite 
band and thus some of the user terminals would need to coordinate. This is not seen 
as a m ajor hurdle but regulators would need to adopt an on-line fast track scheme.
It is considered th a t each gateway will cover several UT beams, and thus there will 
be fewer of these. But each one will carry greater capacity, hence they need to be 
allocated more bandwidth. Also, very high availabilities to the feeder links must be 
ensured, since a gateway’s outage would result in the loss of service for its associated 
user beams. Current satellite systems at Ka band generate 80-100 spot beams to cover 
Europe. The frequency reuse schemes 2FAP, 3FDP, 3FSP and 3FAP were the only 
ones included in this study, as higher FRF would have diminishing result. Initially, 
symmetric traffic between forward and return links was assumed (1:1), meaning 50% 
of the throughput in the outbound and 50% in the inbound. This reflects a predicted 
trend towards symmetry but maybe a more realistic dimensioning would be 60:40%. 
In order to achieve the Tbps satellite capacity, the use of advanced air interfaces in 
forw ard/return direction and frequency reuse beams is necessary. It is assumed as a 
sta rt th a t the use DVB-S2 [53] for the forward link and DVB-RCS2 [54] for the return 
link. In the next section, the performance of the adaptive coding and modulation 
(ACM) of these standards is examined. We also adopt a raised cosine Nyquist filter with 
a roll off factor of 0.2 to reduce bandwidth usage and to represent modern equipment 
performance. Also, carriers of 500 MHz were considered, following the results of recent 
studies of the DVB group.
It is im portant to note th a t an initial estimate of capacity and system configuration can 
be based upon bandwidth, spectral efficiency, frequency reuse and polarisation reuse 
only. To begin with, it is assumed clear sky conditions and assumed a future system will
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be able to operate with modulation/coding schemes th a t employ high spectral efficiency 
in clear air conditions. Thus the use of 32APSK 5/6 was considered appropriate as an 
assumption. Considering the forward and return directions independently, a simple 
relation for each case among number of beams (iVf,), the polarisation reuse (Ap), the 
number of frequency sub-bands {Nsb), the to tal spectrum available (SA) in the chosen 
scenario, the to tal usable overall bandwidth available B W t o t a l  and the spectral efficiency 
B E  is introduced:
NbNp
Since:
so that:
In the above equation
=  (31)
B its / Stotal — B W total S E  (3.2)
B ü s / s t o t a l  =  ^ (3.3)
S A
Capacity per beam =  BE. (3.4)
htsb
According to these simple formulas, in order to achieve a given capacity and using the 
above the required number of beams Nb can be derived. It was found th a t for the 
UT side 88 beams (with dual polarisation) or 116/175 beams (with single polarisation 
for frequency reuse of 3 or 2) were required, whilst for the feeder side, 55 beams were 
indicated with frequency reuse of 3. By further exploiting the spatial separation be­
tween the gateways, and utilising the whole bandwidth in each gateway (FR F=1), the 
number of gateway beams can be reduced by a factor of 3 down to 19 which seems more 
realistic. This relies in achieving sufficient C /I of the satellite antenna on the gateway 
side bu t as the gateways will be spread lOO’s Km apart, this should be possible. Fur­
ther taking into account the atmospheric impairments, the number of beams needs to 
increase in order to achieve the target of a Tbps capacity.
For the feeder links, availability of 99.9% was considered, while for the user side, an 
availability of 99.7% was considered. The ACM of the DVB-S2/RCS2 will provide the 
necessary availability in the users’ side while the Smart Gateway diversity scheme [1] 
will provide the availability in the feeder links, which is discussed in Chapter 4. The 
ACM is considered to cope with the atmospheric precipitation fades and potentially also
3.2. System design 39
beam movements. The sm art gateway diversity scheme employs a number of Gateway 
E arth  Stations (GES) which are interconnected with terrestrial links to form an agile 
routing of feeder link data  th a t can be used in a diversity manner to combat fades on 
the gateway to satellite links [1]. This approach is depicted in the Figure 2.5. One 
of the most crucial elements of the design is the satellite antenna. The choice of the 
antenna model has a great impact on the system performance. Herein it was assumed 
to be a foldable reflector antenna on the UT side of up to 5 m diameter, while a 2.5 m 
reflector antenna on the GES side of the satellite, following the dimensioning in [16]. 
Note th a t this approach is operationally compatible with the state of art Alphabus 
platform [61]. In addition, an efiiciency of 65% was considered for both these antennas.
The baseline GES is taken as a 5m dish which has transm it gain of 66.5 dBi a t 50 GHz 
and a receive gain of 64.5 dBi at 40 GHz. On the transm it side with a 2 dB feeder loss 
and 16 W  transm it power the Equivalent Isotropically Radiated Power (EIRP) is 76.5 
dBW. It should be noted th a t if we move to a larger dish, the cost of the GES would 
increase significantly, and the extra performance is not necessarily needed. We assume 
a G /T  of 38 dB /K  which represents an overall earth station noise tem perature of 450 
K.
On the UT side, the diameter of the dish was considered as 75 cm (representing a 
residential UT), with a noise tem perature of 150 K resulting to a G /T  of 20.3 dB /K . 
The transm itting EIRP is taken as 55 dBW (section 2.2), representing the current 
allowable non coordinated value agreed in many EU countries. Thus the Solid State 
Power Amplifier (SSPA) would be 8.8 W.
In this study, in order not to be constrained and to perform a flexible analysis, the 
size of the satellite antenna for the UT side is selected in a backwards way according 
to  the beamwidth. The only constraint is the antenna size not to exceed the 5m 
accommodation threshold. To provide highly accurate analysis of a multi-beam satellite 
using advanced computational electromagnetic modelling methods such as PO, GTD 
or UTD would result in high levels of complexity and lengthy simulation run times. For 
system simulation studies this is often overcome by adopting a simpler antenna model 
based upon the illumination of a circular aperture which can provide results equivalent
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to those obtained using a single feed per beam reflector antenna.
There is a need to taper the field distribution over the circular aperture in order to 
reduce sidelobe levels. Parabolic tapers to zero at the edge generally result in unac- 
ceptably low efficiency. Consequently, an alternative th a t uses a parabolic taper to a 
pedestal value at the edge is more appropriate and the antenna performance can be 
determined analytically for integer taper values and by numerical integration for non­
integer values. The model is fully described in the Appendix B. The parameters related 
with the model are: the taper roll off factor (1-2), the edge of the taper (dB), the level 
at the crossover point (tripoint).
Since the design and optimisation of a broadband satellite system is clearly a trade-off 
of a number of variables, it can be regarded as a multivariable optimisation problem. 
Herein, the implications to overall design of the following variables are examined:
• User link bandwidth
• Number of UT beam s/ Gateways
• Frequency/ polarisation reuse factor - number of colours
• Satellite Antenna
• On board High Power Amplifiers (HPAs)
Figure 3.1 illustrates the block diagram of the methodology used. As indicated previ­
ously the analysis neglects any link budget constraints and consequently derives a lower 
bound on the number of beams required. Inclusion of Carrier to Interference (C /I) and 
Carrier to Noise (C /N) ratios plus other ’link budget’ effects (e.g. atmospheric precip­
itation fades, inter-modulation noise) is a more complex task. For the purpose of the 
evaluation and analysis of the system, a software tool was developed. Beam Plot. It is 
essentially a graphical visualisation tool and a system level simulator, which allows the 
generation and the editing of beam patterns, and end-to-end link budgets. In addition, 
it performs a first level estimation of the C /I for a point or a grid of points in the 
coverage area and plots the statistics of the antenna C /I or Carrier to Interference plus 
Noise (C /(N -fI)). As a system level simulator, it does not go down to packet or physical
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Figure 3.1: Block diagram of system concept methodology for the overall system design.
layer levels. The main characteristics of this simulator are that it takes into account 
the ACM. For the evaluation of the system offered capacity, it performs statistical com­
putations to estimate the capacity that can be offered by the satellite at each point 
of the grid, and further to each beam. Effects such as rain attenuation, scintillation, 
polarisation tilt are taken into account. In Appendix A a more detailed description of 
this tool is presented.
The problem of system design can be regarded as an optimisation problem and it can 
be expressed as following:
minimise fo 
subject to
C X 1 Tbps 
hj X 0, V% E §
Where fo is the cost/bit function, C  the systems throughput and hi represent the i 
constraint of the system §, for example DC payload power less than 30 KW, maximum
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number of gateways less than 40, satellite antenna diameter up to 5m etc. The target 
is to minimise the cost/b it while we satisfy these requirements. The systems through­
put can be regarded as a hard bound, while the other constraints are looser, since 
breakthroughs in these areas may allow easements. The result is a simulation based 
optimisation approach which leads to larger numbers of spot beams being required to 
ensure the Tbps capacity [55].
3.3 Air Interface system  model
As mentioned earlier, the DVB-S2 standard was considered as the baseline air interface 
for the forward link and DVB-RCS2 for the return link for this study. Nevertheless, 
possible extensions are investigated. A brief review of the current standard is presented 
before looking at enhancements.
3.3.1 D VB-S2
DVB-S2 is the second generation standard for satellite applications. W ith its intro­
duction in 2003, it replaced the DVB-S version. It has facilitated many improvements 
in term s of capacity and cost provision [56]. The capacity can be improved by 30% as 
compared to DVB-S, while the size of user’s terminals can be reduced.
DVB-S2 offers 28 different modulation and coding schemes, with the 4 modulation 
scheme varying from QPSK to 32APSK and 11 distinct coding rates. Furthermore, 
there exist two Low Density Parity Check (LDPC) blocks short (16200 bits) and long 
(64800 bits), respectively. From Table D .l (DVB-S2 Standard [53] and its associated 
guidelines document [51]), it can be noticed th a t the SNR (Es/No) ranges from -2.35 
dB (QPSK,1/4) to 16.05 dB (32APSK, 9/10). T hat is, 18.4 dB in SNR dynamic range. 
In order to  increase the SNR dynamic range, modulation and coding (MODCOD) ex­
tensions have to  be considered. For this purpose, the recent DVB-T2 standard [57] and 
its associated guidelines document [58] are taken as inputs. Both DVB-T2 and DVB-S2 
standards use the same LDPC channel codes, whereas DVB-T2 standard supports high 
order modulations [59].
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3 .3 .2  D V B -R C S 2
The current DVB-RCS standard [60] as well as its evolution DVB-RCS2 are air inter­
faces in the return link. In DVB-RCS, the turbo coding rates vary from 1/3 to  6 /7  and 
the modulation scheme is always QPSK.
For the DVB-RCS2, the proposed parameters from [54] were used. In this proposal, a 
new 16-state turbo code is adopted (Turbo-0), the modulation scheme is extended up 
to 16-QAM with the use of ACM techniques, and two burst modes are considered, i.e. 
Long Traffic Burst (LTB) and Short Traffic Burst (STB), respectively. In Appendix, 
Table D.3 depicts the required SNR for target frame error rate (FER) equal to  1 El-05 
154],
In DVB-RCS, the SNR ranges from 3.3 dB (QPSK, R = l/2 )  to 7.9 dB (QPSK, R = 6/7). 
That is, 4.6 dB in SNR dynamic range. However, when adopting DVB-RCS2 with 
LTB, the SNR ranges from 0.0 dB (QPSK, R = l/3 )  to  13.0 dB (16-QAM, R = 5/6). 
The SNR dynamic range is increased to 13.0 dB. This is 8.4 dB of extension in SNR 
dynamic range when adopting DVB-RCS2 into DVB-RCS standard. Figure 3.2 shows 
the spectral efficiency versus Es/No for the DVB-RCS and DVB-RCS2 (two burst 
modes - short and long bursts) at constant symbol rate [54]. Overall, DVB-RCS2 offers 
bandwidth efficiency gain of 35% as compared with DVB-RCS. It should be noted 
th a t these parameters assume th a t the DVB-RCS2 waveforms are Turbo-0 coded for 
a performance of better than  FER =  10“®.
3.4 Design of the Gateway System
One of the advantages of operating in the higher Q /V  band is the capability of generat­
ing very narrow beams. By distributing the GES’s across Europe so th a t the distance 
between each GES is maximised and considering very narrow beams, the whole spec­
trum  can be used in each beam (i.e. FRF=1). Furthermore, the chosen location of 
the GES has also to conform to a reasonable traffic node whilst doing this. The 19 
GES were distributed across the European coverage area with the minimum nominal 
distance between their beam centres of 500 km. The rationale for this consideration
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Figure 3.2: DVB-RCS/RCS2 spectral efficiency versus Es/No (dB)
is to ensure that the interference is minimised and is thus not the limiting system 
consideration.
Using the Beam Plot software, the generation of these 19 gateway beams was performed 
along with the calculation of the carrier to interference ratio (C /I) for the forward up­
link. A XPD ratio with a typical value of 25 dB has been assumed for these calculations. 
Also a SFPB reflector was used to simplify the calculations. The illumination aperture 
was assumed to conform with an antenna model having a circularly symmetric tapered 
distribution on a uniform pedestal with a pedestal value at the edge equal to -15 dB. 
In order to achieve a beamwidth of 0.2 degrees the antenna’s diameter at the satellite 
was 2.67 metres. Taking into account all the above system issues, the C /I ratio for the 
19 gateway beams was estimated. It is noted that it has been assumed that each GES 
transm its equal power, or more precisely th a t the receiving signal at the satellite from 
each gateway is the same. The gateway positions and the distribution of the uplink 
C /I are illustrated in Figures 3.3(a) and 3.3(b), respectively. Figure 3.3(b) shows the 
PDF and the CCDF of the C /I ratio for this conhguration. The worst case scenario 
occurs for the beams th a t are in the central coverage. It was expected th a t the in­
terference for these beams would be higher than those at the edges because they are
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Figure 3.4: 88 beams (0.47"), 3FDP configuration
surrounded by more GES’s and this is observed in the results. As can be seen, the G /I 
is quite high being above the 20 dB level considered in [16], with an average of 29 dB, 
indicating good isolation between the gateway beams. Moreover, it can be concluded 
th a t the interference is not a limiting factor in this case for the forward GES links and 
by implication also for the return link.
3.5 Forward link design
Considering the four conhgurations from Section 3.2, 88 user beams 3FDP, 116 user 
beams 2FAP, 175 user beams 3FAP(x2), three different beam patterns were generated. 
European service region coverage was assumed and for the UT beams, an attem pt to 
ensure that each beam pattern  covered the same coverage area was made. The resultant 
beam patterns are shown in Figure 3.4-3.6.
The choice of the antenna model has a great impact on the system performance. Thus 
before proceeding to the comparison of the different beam patterns, some trade-offs con­
cerning the satellite antenna’s characteristics were carried out. Three antenna model
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Figure 3.6: 175 beams (0.3"), 3F configuration
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parameters were assessed: taper roll off, taper edge level and the level at the tripoint 
(crossover point of adjacent beams - details can be found in Appendix B). The assess­
ment was performed with respect to the behaviour of the interference and later for the 
offered capacity. The beam pattern  with 175 beams (3FSP) was chosen as this had the 
narrowest beams, in which the CCI would result in higher levels of interference. Table
3.2 presents the cases considered for the model parameters of the antenna.
Table 3.2: Antenna model parameters for 175 beam case
C ases
P a ra m e te rs 1 2 3 4 5 6
Number of beams 175 175 175 175 175 175
Polarisation 1 1 1 1 1 1
Taper roll off 2 1 2 2 2 1.6
Edge of taper (dB) -1 5 -1 5 -1 0 -1 5 -1 5 -1 0
Tripoint level (dB) -4 .3 -4 .3 -4 .3 - 3 - 6 -4 .3
It is noted th a t the value —4.3 dB for the tripoint was selected as an optimum for 
gain given in [52]. This value provides optimization of the edge of coverage of a global 
beam. The main advantage of utilizing an antenna with a higher taper roll off is the 
lower side lobe levels resulting. However, in order to achieve the same beamwidth, a 
larger reflector diameter is required, as the main lobe will be broader. Firstly, Figure
3.7 illustrates the C /I distributions for all the cases considered. The C /I performance 
is dependant on the antenna model parameter configuration. The lowest interference is 
achieved for case 1. Furthermore, the performance of case 1 is similar to  th a t of case 5. 
For the remaining cases, it can be seen th a t their performance is worse, compared to  the 
cases 1 and 5. As expected, utilizing an antenna with lower side lobes and concentrating 
the energy into the main lobe results in reduced interference components from other 
beams. The same analysis was performed for the 116 UT beams (2FAP) case. In Figure 
3.8, it is shown th a t case 6 outperforms case 1. This is due to the broader beamwidth 
in the case of 116 beams. But the average C /I for case 1 is 25 dB and case 1 provides 
higher C /I ratio compared to the other cases. Comparing the C /I values from Figure
3.7 and 3.8, it is observed th a t the C /I for the 175 beams is lower than th a t for the
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Figure 3.7; CDF of forward C /I for different antenna model parameters - 175 beam 
(3FSP) case
116 beams case. Such a result was expected, as in the case with the 116 beams, the 
beamwidth is 0.07° broader, which results in fewer interfering components. Based on 
the findings, for the 175 beam, 3FSP case, the best antenna model parameters are 2, 
-15, -4.3 and while for the 116 beam case are 2,-15, -6 although in the former case there 
is little difference between the -4.3 and -6 dB tripoint cases. The median C /I for the 
175 (3FSP) beam case is 22.5dB and for the 116 (2FAP) beams case is much better at 
27.5 dB. Both are higher than the 20 dB originally assumed in [16]. A comparison of 
the three cases considered is illustrated in Figure 3.9 showing that the 2FAP produces 
the best result. Thus interference is expected not to limit the forward link. Having 
examined the C /I behaviour of the different frecpiemy reuse schemes, the evaluation 
of the offered capacity for the forward link is performeil, using the Beam Plot system 
simulator. We use the best antenna model from the above analysis (2,-15,-4.3) in the 
system simulator.
For the capacity estimation, a theoretical approach was initially followed. As is well 
known, the upper bound of the offered capacity to a single point is equal to C =
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Figure 3.8: CDF of forward C /I for different antenna model parameters - 116 beam 
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Figure 3.9: Comparison of CDFs of C /I for 116 beams - 2FAP, 175 beams - 3FAP and 
175 beam - 3FSP
Biylog2 (l +  SNR IHp), where the available bandwidth of the carrier, SNR the 
received SNR and H the channel impulse response. For fairness the ratio C/B^, will be 
examined for the different configurations. Assuming a point at the edge of the beam 
for both cases, it is implicit th a t the channel impulse response is the same for all cases. 
Assuming equal transm itting EIR.P, the only param eter th a t affects the comparison is 
the interference. From Figure 3.9 it can be seen th a t the total interference for scheme 
2FAP is around 2 dB greater than for the 3FAP configuration. But already the values of 
C /I are above 20 dB implying th a t they do not constrain the performance of the system. 
In the case of 2FAP the bandwidth of the carrier is 33.3% larger which implies more 
noise, thus affecting the C /N  ratio. The C/N^p for the uplink can be considered the 
same for the different frequency reuse schemes, as the forward downlink is examined, 
the C/Ndown is the one that varies in the total C /(N + I). It is known th a t C /(N + I) =  
((C /N )“ ^+ (C /I)“ ^)“ .^ In the case of 88 dual polarised beams, another term  is added 
which represents the cross polar interference from the same beam. As the values of C /N  
and C /I take are subject to the position within the beam, beam pattern, beamwidth
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Table 3.3: System parameters for the 4 beam configuration cases
Polarisation Dual Single 3FAP 2FAP
Reflector Diameter (m) 2.82 4.23 4.23 3.43
Number of Feed Array Ele­
ments
88 175 175 116
Number of Beams 88 175 175 116
HPA RF Saturation Power 
(W)
113 50 50 75
Frequency Reuse Factor 3 3 3 2
Bandwidth to Beam alloca­
tion (MHz)
833.33 833.33 833.33 1250
Peak Antenna Directivity 
Level (dBi)
53.56 56.24 56.24 55.26
Typical C /I adjacent channel 
Isolation (dB)
>- 20 >- 20 X 20 >- 20
etc, it is very difficult, if not impossible, to obtain an analytical expression for the 
capacity. For this reason, the performance of offered traffic has been evaluated using 
the Beam Plot system simulator.
Next, the four beam configurations used earlier are investigated, in terms of offered 
capacity. Details of the system parameters associated with each of these cases are 
given in Table 3.3. In order to make a realistic comparison the EIR P/carrier was held 
constant at 72.23 dBW. This value was derived from the antenna’s maximum gain for 
the optimum configuration and the saturation power of amplifiers given in [16].
Figure 3.10 shows the achieved offered traffic for the four scenarios again as a percentage 
of the 0.5 Tbps maximum case. As can be seen, the highest capacity is offered when 175 
beams with alternate polarisation are used. In this case, 85% of 0.5 Tbps is achieved. 
The worst performance is for the 116 beams with 2FAP scheme with around 4% less 
capacity than the previous case. This might seem to be an unexpected result as it had 
been shown th a t the 2FAP case gave the best C /I. However what it illustrates is th a t 
C /I is not necessarily the limiting factor in the forward link.
3.5. Forwnrd link design 53
86 .00%
85.00%
84.00%
l£  83 .00%  i [ " — - J -  
lo 11.3.].3*,
o
82.00%  — -
81.00% ^
80.00%
79.00%
88  3FDP 175 3FSP 175 3FAP 116 2FAP
Figure 3.1Ü; Offered capacity (as a percentage of 0.5 Tbps) for the different beam eases
In Figure 3.11, the distribution (PMF) of MODCOD for the four cases with transm it­
ting power of 50 W  per carrier is shown. It is noted that the distribution falls well 
below the maxima and this is of course the reason for the reduction in capacity in 
all cases. In order to determine whether this is interference or noise limited we have 
re run the 175 beam case but for a very high 250 W per carrier transm itting (Tx) 
power. The performance results of this case show that the distribution of MODCODs 
has now increased towards the maximum MODCOD which indicates that the forward 
link is indeed noise rather than interference limited provided th a t the C /I figures in 
the previous simulations can be achieved.
It is noted th a t in practice it is unrealistic to have a HPA with such high output power. 
The only purpose of this assumption was to show that the system is noise (thermal, 
rain, etc.) limited. Triggered by this observation, simulations were' run for different 
transm itted powers up to 130 W per carrier. It is recalled that it has been assumed 
that each beam is served by only one carrier. In Figure 3.12, the offered capacity 
according to the satellite transm itted power is shown. An almost linearly increasing 
relationship of the offered capacity proportional to the transm itted power is observed. 
This implies that the system is highly dependant to EIRP. Still the target of 0.5 Tbps 
is not achieved, but it is sufficiently close when the Tx power is 130 W (~  95% of 0.5
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Figure 3.11: PM F of MODCODs with transm itting power of 50 W per carrier
Tx P o w e r  /  c a rr ie r  (W)
Figure 3.12: Offered capacity (as a percentage of 0.5 Tbps) versus transm itting power 
per carrier (175 user beams)
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Figure 3.13: 200 UT beams (0.25°]
Tbps). There is clearly a relationship between the number of beams and the transm it 
power and if the lower transm it power was to be retained, the number of beams needs 
to be increased. In order to investigate this trade off, another case with 200 beams and 
frequency reuse of 3 was run. For this case the beamwidth is equal to 0.25°. When the 
number of beams is increased up to 200 beams, and the EIRP constant as before, the 
offered capacity goes up to 96.5 % of 0.5 Tbps, see Figure 3.14. In the case of 200 user 
beams, the transm itting power per carrier was taken as equal to 40 W. This power is 
very likely to be within the capability of currently availabk' on board power amplifiers 
and thus with around 200 beams it is possible to achieve the offered trafhc from the 
satellite in real channel conditions and using ACM. Having concluded th a t over 200 
UT beams are needed to achieve 0.5 Tbps on the forward link, some satellite antenna 
trade-offs were performed for the 200 beams pattern. Table 3.4 presents the 10%, 50% 
and 95% percentiles of the C /I distributions for different satellite antenna scenarios 
and for different FRF schemes (2FAP and 3FAP). As the number of beams increases.
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Figure 3.14: Offered traffic percentage of 0.5 Tbps for the different beam scenarios
Table 3.4: C /I (dB) for different frequency reuse schemes and different antenna models 
200 user beams
FR F 2FAP 3FAP
Percentage o f cover­ (2,-4,-10) (1,-4,-10) (l,-3 ,-10 ) (1.5,-3,-10) (2,-4,-10) (l,-4 ,-10 ) (l,-3 ,-10 ) (1.5,-3,-10)
age area
9 5 % 15 13.7 13 1 2 .9 17 15.7 14.6 15
5 0 % 18 1 6 .2 15.2 1 6 .4 20 18.4 17.4 1 8 . 3
1 0 % 21 19 17.9 19 23 2 1 . 8 20 21.1
A ntenna D iam eter  
(m)
4.6 4.5 3.9 4 4 . 6 4.5 3 . 9 4
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this results in a reduction of the beamwidth and simultaneous augmentation of the 
interference. So, it is interesting to see how the two frequency reuse configurations 
perform. As can be seen, the optimum parameters from the previous analyses were not 
used, in an effort to keep the spacecraft’s antenna diameter less than 5m, as dictated 
by the Alphabus architecture [61].
A very im portant observation is the difference in performance between 2FAP and 3FAP, 
around 2 dB more for the latter. In the first scheme every beam is served by 33% more 
bandwidth while the second one offers better performance in terms of C /I. Thus a more 
detailed analysis needs to be performed evaluating the offered capacity, as well as their 
implications on the payload. It is also noted th a t if a 60/40% forward - return link split 
had been selected, the numbers of spot beams would have increased to around 250 for 
similar amplifier powers.
3.6 Return Link design
In this section, an assessment of the return link is presented. For the evaluation pro­
cedure, the C /I ratio for the spot beams was assessed. Unlike the forward direction, 
where the interference is known from each UT beam, in the return uplink the interfer­
ence depends on the interferers (UTs) positions, see Appendix Figure C.2. Since the 
accumulated interference depends on the random positions of interfering users, it was 
deemed necessary to evaluate this ratio by Monte Carlo simulations. In Appendix C, a 
procedure to evaluate the C /I for the return uplink is described. In the Beam Plot tool, 
such a function is included. For every spot beam, N  users are generated, distributed 
across the beam, and the interference from each user is calculated. Afterwards, a PDF 
of the interference is calculated, and the value with the highest density or a selected 
percentile was assumed to be the interference of th a t beam.
As the scenario with the 200 UT beams seems the most promising, it was chosen for the 
simulation case. Furthermore, a value of 20 dB was assumed for the adjacent carrier 
isolation level and the cross polar discrimination was considered to be 30 dB in the case 
where dual/alternate polarisation was taken into consideration. As far as the satellite 
antenna is concerned, it was considered that the same size reflector can be used for
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Figure 3.15: CCDF of C /I for different percentiles - 200 UT beams 3FAP
transmission and reception. The most promising model according to Table 3.4 seems 
to be the one with param eter (2,-4,-10) which results in a antenna diameter of 4.6 rn. 
This model was used for the C /I evaluation for the return uplink.
The interference was examined for the two frequency/polarisation reuse schemes (2FAP 
and 3FAP) for the return link. As the worst case is observed for a beam in the middle 
of coverage area, this was selected for the performance assessment. In Figure 3.17, the 
CDF of C /I is displayed for the return link. The difference between the cases is only 
1-2 dB. The mean values are greater than 19 dB, which means that the return link 
will not be limited by interference. The main source of interference is the interference 
caused by the adjacent carriers in the same beam. One way to improve the performance 
is to use coarser filtering. As indicated, the value of the adjacent carrier isolation level 
was taken to be 20 dB. This was derived from the specifications of E Fdata SD-8Ü00 
modem handbook [62] and [63]. In Table 3.5, the link budget for the feeder links is 
shown, according to [16].
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Figure 3.16: CCDF of C /I for different percentiles - 200 UT beams 2FAP
Table 3.5: Link budget Return Downlink
P a ra m e te r V alue U n its
Tx eirp 55 dBW
G /T  GES 38.0 dB /K
Bandwidth 10 MHz
G /I iniod 25 dB
60 Chapter 3. High Throughput Satellite system modelling and design
200 UT beams -  (2,-10, 4.6m)
 3FAP -  80%
 3FAP -  70%
 3FAP -  60%
 3FAP -  50%
 2FAP -  80%
 2FA P-  70%
— — — 2FAP -  60% 
 2FAP -  50%
Ü  40
20 22 24
Cl (dB)
Figure 3.17: C /I comparison for two different frequency/polarisation reuse scheme
Figure 3.18 presents the DVB-RCS2 MODCOD’s distribution in the return link. The 
system’s offered capacity is equal to 0.32 Tbps, around 64% of the wanted value. An­
other reason th a t causes this drop in the system’s capacity was the fact that the current 
DVB-RCS2 operates only up to 16 QAM. From Figure 3.18, it can also be seen that 
there is a small percentage of carriers operating in QPSK. Most likely this is the case 
for the users at the edge of the beam where the C /I is below 10 dB.
3.7 Further System Considerations
In this section, some further aspects of the system design in relation to the total number 
of gateways and the payload, which have not been addressed previously in this thesis, 
are discussed. As it is well known that the frequency plan determines how many 
UT beams can be served by a single gateway. An example of the frequency plan is 
illustrated in Figure 3.19, assuming 4 GHz/polarisation for the feeder links and 2.5 
GHz in UT links. This configuration uses 8 UT beams per gateway in order to keep
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Figure 3.18: Histogram of MODCODs for the return link
the number of gateways to manageable numbers. In this example the 3FAP scheme has 
been assumed. Note that according to this frequency plan, 25 gateways are needed to 
provide the necessary capacity to UT beams. However, the exact number of gateways is 
not only subject to the frequency plan and the number of UT beams, but also depends 
on whether or not a single site diversity or sm art gateway diversity scheme is selected 
in the system design [44]. These two factors determine the total number of gateways 
in the system. Another im portant factor in the system design is the total payload DC 
power consumption. As it is well known, the satellite payload’s power is limited, and it 
is consisted as one of the most im portant factor which needs to be carefully examined 
in the overall system design. Of course, the Total Power Required (TPR) depends 
on the use of various subsystems, including the number of HPAs and the number of 
gateways. In this study, an HPA per UT spot beam has l)een assumed, which operates 
either in single carrier or multi carrier mode. In the latter case an Output Back Off 
(OBO) value of 2 dB was considered. Since the DC payload power is usually fixed by 
the design requirements, as the number of beams increases, the proportional power of 
each spot beam reduces. Thus, if a very large number of beams is used, it would be 
a good idea that a HPA is shared among multiple beams. The TPR  represents the
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Figure 3.19: Example of frequency plan, 3FAP
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total power required for transmission in both the forward and return links. It can be 
expressed as:
T P R  =  NftHPApT^/EFpr +  GF SH PA g e s / ^ ^ g e s  (3.5)
where HPAp^ and HPAg^g denote the saturation power of the HPAs used for the UT 
links and the feeder links respectively, EFp^p is the efficiency of the HPA used for the 
UT finks and EFg e s  is the efficiency of the HPA used in the feeder links. Assuming 
th a t EF[/t=50%  and EFgæ;5=40%, and since N(,=200 and GES=25, then TPR =21 
kW. This value is within the limits of Alphabus which can offer 25 kW. However, 
changing the frequency reuse scheme to 2FAP then a gateway can accommodate 6 UT 
spot beams. In th a t case the total number of gateways (ignoring the diversity scheme) 
is 35 and the TR P equals to 22.5 kW. Nevertheless, an increase in the number of UT 
beams, and consequently the number of gateways is also increased, may lead not only 
to power limitations but also to accommodation issues as more equipment needs to be 
packed and accommodated in the limited space of the space platform. Also, considering 
a given coverage area, the UT beam ’s beamwidth decreases as the number of UT beams 
increases, in order to place more beams over the same coverage area. In this case, there 
is a need for a larger reflector or the use of more than one reflectors which will result 
in increased scan losses at the edge of the coverage area. However, since the size of the 
reflector is constrained by the spacecraft arcliitecture and the launcher, such physical 
constraints need to  be taken into account during the overall system design phase.
3.7.1 System  design for non uniform FW D -R T N  ratio
Earlier, it was demonstrated th a t around 200 user beams and 20 gateways were needed 
to provide equally 0.5 Tbps in the forward and return directions. Now a potentially 
more realistic dimensioning 40:60% (Return : Forward) of traffic is considered. The 
aim herein is not to design a specific satellite but to examine the trade-off between the 
space segment and the ground segment, contributions to a minimum cost system. The 
same assumptions are considered as before, with the only exception th a t in the forward 
direction 2.9 GHz per polarisation are considered for the user finks (Ka band), and 5 
GHz per polarisation for the feeder links (V band). In the air interface is concerned, a
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raised cosine Nyquist filter with a roll off factor of 0.05 was chosen to reduce bandwidth 
usage and to represent future equipment performance (such equipment is already on 
the market). This will lead to an improvement in spectral efficiency of 14%. However, 
very low roll-off factors imply an increased memory and increased PAPR in the signal 
waveform. This presents a greater challenge for maximizing the efficiency of the nonlin­
ear power amplifiers in the satellite link. Some techniques such as polyphase magnitude 
modulation [64] have been proposed in the literature to address this problem. For the 
forward link, this involves advanced pre-processing at the satellite gateway. For the 
DVB-RCS2, according to ESA, recent advances in very low roll-off factor signalling 
indicates the use of a roll-off factor as low as 0.05. Although low roll-off values result in 
increased memory in the signal and also increased PAPR, advanced pre-processing can 
be implemented in DVB-RCS2 terminals such as to compensate for some of these effects. 
Furthermore, the satellite gateway is capable of implementing advanced techniques to 
post-compensate tlie ISI resulting for pulse filtering. It is considered th a t significant 
transponder back-off is necessary in order to accommodate the multiple carrier trans­
missions involved in the return link. In Appendix D, the performance of DVB-S2 with 
the reduced roll off factor is presented. Following the methodology described in section 
3.2, it was found th a t 250 UT beams with 3FAP (Figure 3.20) or 200 UT beams with 
2FAP (Figure 3.13) can provide 600 Gbps in the forward direction. The first scenario 
requires 25 active gateways while the second 34 active gateways. In order to gain a 
better insight into the impact of the frequency reuse scheme in the system design, the 
number of user beams was fixed and the frequency reuse scheme was alternated. Since 
2.9 GHz are available in the user side, in 3FAP each beam is allocated two carriers 
(2x500 MHz) while in 2FAP with 3 carriers (3x500 MHz). W ith respect to the TWTA, 
in the 3FAP scenario each TWTA amplifies 4 carriers, while in the 2FAP it amplifies 6 
carriers. This difference in the number of amplified carriers per tube results in different 
OBO levels and C /Im  ratios. Scenario 1 and 2 differ only in frequency reuse scheme, 
while 1 differs from 3 also in OBO and in C /Im  ratio. Moreover, the 3FAP (6 colours) 
scheme results in better C /I than 2FAP (4 colours), since the co-channel beams are 
further apart. In Table 3.6 the simulated scenarios are presented. Evaluating the above 
scenarios using the multidimensional fink budget tool Beam Plot, the forward fink raw
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Figure 3.20: 250 UT beams (0.23")
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Table 3.6: Payload configurations
P aram eter Value
Scenario 1 2 3 4
A n ten n a Sub-System SFPB SFPB SFPB SFPB
R eflector D iam eter (m ) 4.25 4.25 4.25 4
N um ber o f Feed Array E lem ents 250 250 250 200
N um ber o f B eam s 250 250 250 200
T W T A  R F  Saturation  Power /  2 110 110 110 120
user beam s (W )
Frequency R euse Schem e 3FAP 2FAP 2FAP 2FAP
T D M  carriers per beam 2 3 3 3
Carriers bandw idth  (M H z) 450 450 450 450
OBO 3 3 3.5 3.5
C /Im  (dB ) 20 20 19 19
T ypical C /I  adjacent channel Isola­ 20
tio n  (dB )
N um ber o f active gatew ays 25 42 42 34
capacity is provided. Note th a t the functionality of ACM was taken into account as 
indicated in [5]. In Table 3.7, the aggregated results for the scenarios are displayed.
The difference in forward link capacity between scenario 1 and scenario 2 and 3 is 25% 
and 23% respectively. But scenario 1 requires 40% less gateways than scenario 2 and 
3. Scenario 1 and scenario 4 provide the same throughput in the forward direction, 
w ith the difference th a t scenario 4 utilises 200 user beams and 34 gateways while 
scenario 1 employs 250 user beams and 25 gateways. In Figure 3.21, the distribution 
of MODCODs under clear sky conditions for scenario 1 and 4 are depicted. As can
Table 3.7: Throughput and number of active gateways of the simulated scenarios
T hroughput /Scen ario 1 2 3 4
Forward d irection  (G bps) 600 750 740 602
N um ber o f active gatew ays 25 42 42 34
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Figure 3.21; Histogram of AIODCODs under clear sky conditions for scenarios 1 and 
4, Table 3.7
be observed, the carriers in scenario 1 operate in higher MODCOD than in scenario 4. 
The dominant MODCOD in scenario 1 is 16APSK 5/6 and the maximum is 32APSK 
3/4, and in scenario 4 the dominant MODCOD is 16APSK 2/3 and the maximum is 
16APSK 5/6.
In addition to the above, the overall bandwidth in the user links in scenario 1 is 225 
GHz, while in scenario 4 is 290 GHz. This was expected, since the average spectral 
efficiency in scenario 1 is higher than that in scenario 4. On the gateway side, the type 
of the payload and the frequency reuse scheme define the overall number of gateways. 
If we want to reduce the number of gateways, then we have to choose a frecpiency reuse 
scheme with more colours, so a greater number of user beams can be served by a single 
gateway. But choosing more colours in the user side means that the number of user 
beams needs to be increased, and the number of connections and on board equipment is 
increased as well. Also, if we choose the N +P diversity scheme, a number of redundant 
gateways needs to be added to the system. It is obvious th a t the larger the number of 
active gateways in the system, the larger the number of redundant gateways th a t need 
to be added.
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3.8 Conclusions
A feasibility study was conducted to investigate whether or not a satellite capacity of 
a Tbps is possible considering appropriate state-of-the-art technologies. It was demon­
strated  th a t such a future HTS system suitable for broadband access would need to 
use both Ka and Q /V  bands and operate with around 25 GES in Q /V  bands and have 
user terminal beams of 200 plus. For the air interface, the performance of DVB-S2 and 
DVB-RCS2 ACM was considered along with potential extensions of these standards. 
Various frequency reuse patterns and antenna models have been investigated for the 
forward link which is noise rather than interference limited. Nevertheless, increasing 
the number of spot beams the system 200) tends to be interference limited, thus 
triggering the investigation of techniques to further reduce the interference. The inves­
tigation of the return link indicates th a t it is not interference limited. It was assumed 
th a t the gateway availability can be secured by a smart gateway diversity scheme which 
is the subject of chapter 4 and that ACM would provide availabilities for the user ter­
minals. The modelling was performed for uniform traffic between forward and return 
link, but could be adjusted for uneven traffic load, which is the subject of chapter 6. It 
is noted th a t in practice the traffic is not equally distributed across the coverage area 
with around 8-10 hotspots dominating. The impact of the design on space segment was 
examined and the effect of non-uniform traffic was examined. It was shown th a t the 
ground segment is increased significantly (up to 34 gateways for 600 Gbps to FWD) 
and an appropriate design needs to consider both segments (space, ground) for optimal 
design which minimises the cost/bit.
Chapter 4
Smart gateways diversity schem e
Migrating to higher bands in order to achieve more spectrum, the signal experiences 
higher degradations, as the precipitation is more severe. For example the rain atten ­
uation in Ka band may exceed 20 dB. This affects services such as teleconference and 
telemedicine which are subject to high availability requirements. In future telecom­
munication systems, the aspect of availability is of critical importance to the QoE for 
the customers. Power control and ACM [5] techniques are not sufficient to compensate 
for high signal degradations such as those experienced in Ka, Q /V  bands. Thus, the 
research of new technologies is necessary. A very promising technique which combines 
the concept of site/antenna diversity with the utilisation of the existing infrastructure 
is Smart Gateway diversity [1, 6, 44]. It is a new technique which ensures the link 
availabilities to be increased dramatically keeping the cost to reasonable levels.
4.1 System  architecture
The Smart Gateway diversity scheme employs a number of Gateway E arth  Stations 
(GES) which are interconnected via terrestrial links to form an agile routing of feeder 
link data th a t can be used in a diversity manner to combat fades on the gateway to 
satellite links [1]. The approach is depicted in the Figure 4.1.
The use of networked or Smart gateway diversity can eliminate the problems with 
single site diversity. Smart diversity techniques exploit the spatial diversity existing
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Figure 4.1: Architecture of a future HTS system
between the gateways in order to relax the requirements on the system margins, without 
requiring additional earth stations [65]. In the Smart diversity scheme:
• A UT (User Terminal) beam is connected not just to one gateway but to a pool 
of gateways.
• If a gateway experiences very deep fades, then its traffic can be routed to another 
gateway th a t has available capacity
The benefits are:
• No additional gateways are required, but we need to ensure th a t spare capacity 
exists in all gateways.
• Since all the gateways operate all the time, the energy resources are exploited 
more efficiently.
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• Very good rain decorrelation can be achieved due to the large separation distances 
between the gateways.
•  Synchronisation between the gateways is required only a t the network layer.
•  Potential load balancing between gateway hubs then becomes possible.
Some additional cost will be required for the interconnection between the gateways 
(fibre optic links at Gbps). As the distance between gateways will be greater than 
in typical single site diversity systems, rain correlation must be determined over a 
wider area. Since all of the gateways belong to the same network some extra provision 
has to be taken in order to guarantee th a t the time th a t both sites experience high 
fades is minimised. In addition, the interference factor is always present, bu t in this 
case extra provision has to be taken for this issue. For a given beam, the higher the 
number of gateways in the pool the lower the fading margin required and the lower 
the fraction of capacity lost when a gateway link becomes unavailable. User-Iink beam 
radio resources need to be assigned to several gateways. The management of traffic flow 
can be performed by a centralised Network Control Centre (NCC) to which all gateways 
are connected. A decentralised cooperative approach between the gateways is rather 
too complex to  be employed and probably limited by the network size. Moreover, 
the re-routing of traffic or the handover process is of paramount importance and it 
is a fundamental feature of this scheme. In [44], the authors briefly discussed this 
issue and we will not discuss it further herein. Rather than going to the full Smart 
gateway scheme in which all N-stations are active, an intermediate scheme is to provide 
a redundant gateway per N  active gateways. In this way, the whole gateway network 
consists of N  active gateways and P  redundant. In this scheme, a UT beam is served 
by just one gateway at a time and switches to a redundant gateway when faded [44]. 
We will investigate this scheme first as perhaps the natural transition from the 1:1 
diversity.
The more complex full N-active sm art gateway method needs UT beams to be served 
by a number of gateways in a time frame period or simultaneously. Connectivity here 
is an issue which ultimately could be solved by on board processing satellites. However 
we can still use transparent satellites via two options [65]:
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Figure 4.2: Complementary cumulative distribution function (CCDF) of number of 
gateways simultaneously exceeding various attenuation values [3].
• Assign one or more separate channels to each gateway (Frequency multiplexing) 
[44]
• Assign one or more separate time slots to each gateway (Time multiplexing)
In addition to the above we can classify N-active schemes in terms of the way that the 
traffic is switched to other gateways. This can be done on the basis of spare capacity 
provision or by spreading the traffic between several gateways. We will only consider 
the simplest of these herein. As was mentioned earlier, when two sites are separated 
by large distance then their rain events can be considered uncorrelated. To further 
justify this statem ent, we distributed 19 stations across Europe and the rain field from 
[66] was used to generate a time series over a period of a year at 50 GHz. In Figure
4.2, we can see the number of gateways for which rain attenuations exceed the specific 
thresholds. As can be seen, the probability of more than 3 sites out of 19 experiencing
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rain attenuation of more than 7 dB is around 0.008%. For a threshold of 10 dB, the 
probability of more than 3 gateways exceeding this threshold is -< 0.001%. This verifies 
our previous assumption.
4.2 N + P  diversity
In Figure 4.3, we show schematically the N +P  sm art Gateways system, where N is 
the number of active gateways and P is the number of redundant gateways in the 
system. In a system where only one redundant station exists, if two of the gateways- 
hubs become unavailable, then only the UT beams from one gateway will be served by 
the redundant gateway. This scheme takes advantage of the statistical decorrelation 
of the gateway rain events. As was mentioned earlier, by spreading the gateways over 
large distances, it is unlikely th a t more than  two gateways will experience deep fades 
and it was demonstrated in Figure 4.2. The number of redundant gateways needed to 
ensure a certain feeder link availability is subject to availability levels required and to 
the network size. This is discussed more in the following section. In term s of payload 
complexity, the logic is the same as for the single site diversity, with the only difference 
being th a t the redundant gateway beam can be switched to more than one transponder. 
The latter implies th a t the connections in the payload are also increased.
4.3 N-active
As mentioned earlier we can provide the connection between the gateways in either 
frequency or time domain whilst preserving transparent transponders.
4.3.1 Frequency m ultiplexing
This option is illustrated in Figure 4.4 and requires a multi-carrier forward link. This 
scheme is fully compatible with a transparent payload and other techniques such as 
beam forming, beam hopping etc. It aims to distribute a beam ’s traffic across multiple
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Figure 4.3: N +  P diversity, N, P are the number of active and redundant gateways in 
the system respectively.
gateways, thus reducing the risk that the whole beam becomes unavailable. Neverthe­
less, the major problem lies in the number of carriers to be handled by the payload and 
the gateways, if all gateways are used. For the ground segment it is not so much of an 
issue but the equipment in the payload needs to be increased according to the number 
of gateways in the pool. As a result, the number of transponders has to be increased 
and this constitutes a payload constraint. In addition, as the number of the gateways 
in the pool increases, this leads to a consequent reduction in carrier bandwidth and 
simultaneous increase of the related impairments (guard bands, sensitivity to payload 
noise etc). The channelization is increased and as can be seen from Figure 4.5, the 
number of payload components is increased when more than one gateway serves a UT 
beam.
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76 Chapter 4. Smart gateways diversity scheme
4.3.2 Tim e m ultiplexing
This option is depicted in Figure 4.6. According to  this configuration, each UT beam 
during a frame period is served by more than one gateway, Figure 4.7. This scheme 
resembles the already implemented SS-TDMA (INTELSAT VI or IX). In a time slot 
period the UT beam is served by just one gateway. This system operates by routing 
TDMA bursts from any uplink to any downlink. The interconnectivity between all pairs 
can be performed by a high speed microwave switching matrix. In the satellite, a traffic 
m atrix is stored, which contains the interconnections between uplinks and downlinks 
during the period of a frame (or superframe). This m atrix is updated periodically. This 
option has no major impact on the payload except for the switch and clock. The payload 
equipment does not need to be increased as in frequency multiplexing. However, very 
accurate synchronisation between the TDMs of the gateways is required. As the number 
of gateways th a t serve a UT beam increases, the size of switching matrix and the number 
of switches also increase. The earth stations require timing information concerning the 
switching process in the satellite. As the rate is expected to be very high this results 
in increased numbers of symbols per time slot (effectively TDMA frame), and there is 
need to ensure th a t the switching does not cause any overlapping or cuts of the time 
slots. This can be done by transm itting a beacon with the timing information. As will 
be discussed later, in this scheme the time th a t each feeder link is interconnected with 
a user downlink can be tuned such as to minimise the capacity losses in the system, 
assuming no provision of redundant gateways in the system.
In this configuration, the payload is no longer limited by increased channelization/routing 
as with frequency multiplexing. The only difficulty lies on how fast and accurate the 
switching can occur. This scheme has the potential to allow more gateways to  serve a 
UT beam with no major impact on the payload equipment. In the case of a potential 
handover, the user terminals do not need to synchronise to a new carrier, but only to 
a new time slot.
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4.4 Availability performance in N + P  and N-active schemes
4 .4 .1  S y s te m  m o d e llin g
Lets consider that N  is the number of the active gateways and M  is the number of 
user downlinks. Ai denotes the rain attenuation experienced by the gateway, where
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i =  1 . .  . N .  According to [67], the probability of rain attenuation at a site to  exceed 
the threshold At  is;
P{A > A,)  =  O.Serfc ' ' " 1 (4.1)
\  V2cTa /
where Pa is the mean value of In A  during the raining period and a a is the standard de­
viation of A during the rainy period. The above equation shows a lognormal behaviour 
of variable A (in dB). Using the following substitution
In A — poi
U{A) =
Then
P{ A > At) =  P{U > Ut) =  O.Serfc (S)
where the variable U  is normal distributed with zero mean value and unit variance. 
The procedure to estimate the parameters Ut, A m ,  cFa is described in [68].
For a user in a UT beam not to be served, the BER should exceed a specific threshold. 
All the gateways associated with it need to be in outage or to experience deep fades 
simultaneously.
Poutage  =  P { B E R  X B E R r e q )  — P(Total fades^ > A t i )  for every earth station, where 
B E R r e q  is the bit error rate (BER) required.
Let us consider the scenario where a UT spot beam ’s link is ideal, thus any outage 
would depend only on the feeder link. Further, we consider th a t a user terminal can 
be served by N  gateways. Thus, we have:
Poutage — P  (-^1 — -^ t l ,  • • • , - ^ N  — + A t )
To extend the above probability to N  sites, the evaluation of the joint probability 
P { A i  >  A t i , A 2  > A t 2 , - - - , A ] y  > Atn)  as well as the single site probability P { A i  > 
Ati )  Vz are needed.
P { A \  >  A t i , A 2  >  A t 2 , . . . ,  A n  >  A t N )  =
OO
I  I I I  ■  ■ ’ ~
OO
I  I I I (4.2)
Uti
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u i , . . . ,  UN are normal distributed with zero mean and unit variance. The joint proba­
bility distribution function (PDF) of fui...UN{ui, . . . ,  u n ) is given in [69] (eq.8-58) and 
[70]
exp |o .5  (u  {R2 ,..jv)” ' u ^ )  I  
V(27t)" ||R i...n ||
where u  =  [ u i . . .  u n ]^ , is the correlation m atrix between the random variables
[u i . . . u n ] with I < ATand ||-|| denotes the determinant. Applying Bayes theorem, we 
can get:
(4.3)
P { A i  >  A t i , A 2  >  A t2 , . . . ,  A n  >  A i n ) =
O O
J" ••• J"JJ" fUi\U2...UN (^i|^25 • • • 5 '^n ) fu2...U}\f (N'2i • • • 5 UN^dui . . .  duN (4.4)
U t i
R i j  refers to the correlation between the i,j random variables (RVs). Note th a t R  is 
the correlation of the U random variables and equals to:
~  SiSj
In l + n j  y  (e®î -  l )  (e®? -  l ) (4.5)
where is the spatial correlation of the lognormal variables Ai ,  A j .  Si  and S j  are the 
standard deviation of Ai  and Aj  respectively, can be calculated using the ITU-R 
recommendation [46]; We can then see that:
V^CT i \2...N
■ exp [ui -  Pi \2...n {u2, •••, Un ) Ÿ
~  o _ 2
7:"7 =  exp^  v27rc7i|2...Ar {ui -  Pi \2...n {u2, . . . , Un ) Ÿ  ^^1|2...7V dui =
where
f  ui -  p i \2...n {u2 , - - - , u n ) \
+   j
I^I\2...n{U2,—,Un)=({S,2 . . .n)   ^d  [ u ï . . . U n \  
ffl|2 ...N  =  A  ~  P
(4.6)
(4.7)
(4.8)
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See derivations in Appendix E .l. By this substitution we can transform a order 
integral to (n — 1)*  ^ order.
An approximation of the above joint probability can be expressed as a product of 
second-order conditional and marginal distributions according to [71].
’A T -l
P { A i , . .. , A n ) — Y], P {A i \  Ai+i)
. 2= 1
As was shown earlier, by separating the gateways over large distances, lOO’s Km, their 
rain events can be considered decorrelated. In this case, each gateway has an outage 
probability pi. Thus, equation (4.2) can be transformed to;
P(Ajy) (4.9)
outage = P{A\  >  A t i ) . . .  P { A n  > AtN) — P 1 - - - P N  (4.10)
The probability of having k gateways in outage can be derived for all the possible 
combinations. It is known th a t there are (^ ) =  A possible combinations. These 
combinations are the solutions of the following equation:
xi  4- X2 + x n  — k (4.11)
where X{ is a binary variable th a t indicates if the is in outage. If æ* =  1 then the 
gateway is in outage, while if æ* =  0 then it is not. Lets consider as the solution 
of equation (4.11), where 7 =  1 . . .  A. Thus we have:
P  (k gateways to outage) =
P(set of k gateways in outage) P (set of N-k available gateways) =
If the P{Ai  > Ati) =  p, Vz then P(k gateways to outage) approaches the binomial 
distribution [44] (see Appendix E.3).
P  (k gateways in outage) =  ^  (1 -  p)^~^  (4.13)
P(1 gateway in outage) means th a t only 1 gateway is in outage while the rest are 
operational.
P (k  gateway in outage) means th a t only k gateway is in outage while the rest are
4.4. Availability performance in N+P and N-active schemes 81
operational.
Let us consider the configuration in which every UT beam is served by one gateway 
and for every N  gateways, P  redundant gateways are added as provision. For a UT 
beam to lose service (due to a feeder link issue), the regular gateway needs to become 
unavailable and the P extra to be unavailable as well (either dedicated to  others beams 
or experience deep fades). According to  the above equation, and including the extra 
gateways, we have :
P k  gateway in outage — ^  p  ^  (1  — p ) ^  ^ ( 4 .1 4 )
It is implicit th a t adding more redundant gateways in the system, the P k  gateway in outage 
further reduces. Lets consider Pout{N,  P, k) as the probability of having k gateways 
in outage and P  redundant gateways in the system. Respectively, P o u t { N ,P  — l , k )  
represents the probability of having k gateways in outage and P-1 redundant gateways 
in the system. Pout{N,  P,k)  X P o u t { N ,P  — l ,k ) .  Lets define a ’’reduction factor” 
induced by adding an extra gateway as /?fc. It is expressed as:
p o u ^ N , p , k )  ^
™ p o u t { N , p - i , k )
_ (e;-4)+rs=-’))pV(i _ ((ïî;_4)+rs»-’))?
{k + P - l ) \ { N - k ) \ '
{k + P) \ {N  -  k -  1)\
N - k \ _  f N  + F 
k + p ) ~ ^ \ k + P
Thus adding P  in the system, the overall improvement in terms of availability is:
Pout{N,  P ,  k) = Pout{N,  0 , k) ■ ( 4 .1 6 )
The Ak is a function oî p , k , N , P ,  thus Pk — fp {P ik ,N ,P) .  It is implicit th a t -< 1
(see Appendix E.2).
The probability of a user inside a spot beam to be in outage is the probability of the
gateway th a t serves it to experience the outage (or deep fade), plus the probability to
=  p(^l  +
=  +  (4-15)
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belong to one of the k gateways that experience outage.
1 i
P o u t a g e = - ^  ' P(1 gateway in outage) +  . . .  +  — • P (i gateway in outage)
N  .
— • P (i gateway in outage) (4.17)
In the case when P  =  0 the Poutage  should be equal to gateway outage p  (see Appendix 
E.4).
It is of interest to examine the behaviour of the outage probability in relationship with 
the ratio N / P .  Lets consider a  =  N / P .  Lets also consider as A7% + N 2 , the number of 
gateways for two scenarios keeping a  constant. Then Ni = a{P  +  1) and N 2 =  aP.
We have that;
pNi ^  Pout {N  + a , P  +  1, z)
^ o u ta g e  2= 1
piV2 N2
^  ^PoM ^(W ,P ,z)
2 = 1
AT +  a +  P  +  l \  (AT +  a +  P  +  l)!
(4.18)
z +  P  +  1 J {i + P  + l ) \{N + a - i ) \  
iV +  ( a - l )  +  P  +  l \  /AT +  ( a - l )  +  P  +  l
z +  P  +  1 J \  N  + { a - l ) - i
Trying to express the Potage relation with Potage using (4.15) and (4.19), we get: 
P o u t^ ' =
=  Pout (N 2 , P , i M l - p T  ( + + r )  n  ( " % + D  (4-20)
Lets define
Z{a ,P ,p , i )  =
J = 1
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Function Z  can be evaluated numerically. Replacing the above into (4.18), we get:
aP+a
piVi E  +  a, P  +  1, z) Pout{N,P,i)=0
^outage _  i = l   ^
p ^ 2  aP
outage ^P0ZZ^(0P,P,Z)
2= 1
aP
Y ,  i Pout{aP,  P, z) Z{a,  P, p, z)
_  P  2 = 1____________________
~  P  +  l  aP
Y  i Pout{aP,  P, z)
2= 1
P
2 = 1  ^  '  7 =  1
a P  + j  + P  + 1
P  +  l  f +  \  z +  P  +  1 J a P + j - i^ J  ^
^  p ( l - p ) “ +  ( a f +  « +  P  +  l ) ! ( g f -« ) !___  21)
■P +  l  +  (aP +  P )!(oP  +  a - i ) ! ( P  +  * +  l)  ' '
4 .4 .2  A v a ila b ility  ev a lu a tio n
In this section, the availabilities th a t can be achieved by the aforementioned schemes 
are evaluated. In addition, the improvement compared to conventional systems (single 
site diversity) in terms of number of redundant gateways in the system is also evaluated.
N + P  d iversity
The availabilities th a t can be achieved with this configuration are subject to the network 
size and the number of redundant gateways.
In Figure 4.8, it can be seen th a t for a gateway network of 4, 6 or 8 stations plus 1 
or 2 extra, when a gateway is available for the 99.9% of the time, the availability of 
a user is 99.98%, 99.97% and 99.96% of the time (ideal UT link) respectively. Prom 
Figure 4.9, it can be seen th a t for a gateway network of 30 stations plus 2 extra, when 
a gateway is available for the 99.9% of the time, the availability of a user is 99.99% of 
the time (ideal UT link). Introducing more redundant gateways, the availability can be 
increased significantly. It is noted th a t the proportion of gateways needed to  be added 
to reach a given availability level reduces as the number of gateways increases, as can
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Figure 4.8: Beam’s availability versus gateway’s outage for N +P diversity, 4, 6 and 8 
active gateways network, and 1 or 2 redundant gateways.
also be verified by Figure 4.10. This figure illustrates the ratio between the outage 
probabilities for two scenarios with the same ratio active gateways over redundant. As 
can be seen, this ratio is lower than 1, which means that the outage probability for 
a system with larger number of active gateways is lower than the outage probability 
of a system with less active gateways. The above can be interpreted that the same 
proportion of redundant gateways in a network with more gateway results in higher 
availabilities than a network with less active gateways. For fixed number of redundant 
gateways P , as the number of active gateways increases, the proportional reduction in 
user’s outage probability decreases. The opposite relationship holds between P  and the 
proportional reduction for fixed N.
N -ac tiv e
An extension of the rain joint probability model to consider more than two sites has 
been described. Using this extension, we evaluate the joint probability of up to 4 sites
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Figure 4.9: Beam’s availability versus gateway’s outage for N +P diversity, 20, 30 and 
45 gateways network, 2 or 3 redundant gateways.
for different separation distances. Note that all gateway sites have been considered in 
central Europe.
In Figure 4.11 and Figure 4.12, we assume th a t it rains simultaneously at all sites. Even 
in this case, when the separation distance is 500 Km, we note th a t the probability that 
all gateways experience a fade above 5 dB is -<( 0.001% for a cluster of 3 or more units.
4.5 Switching logic
An im portant aspect of the diversity scheme of the ground segment is the switching 
(routing) rate th a t the trathc is re-routed from a gateway with deep fades to another one 
free of fades or with less fade. In the single site diversity scheme [72], as soon as a fade 
is observed and the atmospheric conditions in the redundant site are better, the traffic 
is switched to the redundant gateway. This logic and the definition of the propagation 
margin are illustrated in Eigure 4.13. First, UPPC is applied and then a tolerance
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Figure 4.10: Reduction of user’s outage probability for different outage probability (p) 
and number of redundant gateways (P), considering constant a  =  5
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Figure 4.11: CCDF of joint probability of different number of gateways per cluster 
considering th a t it rains simultaneously in all gateways - separation distance 100 Km
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Figure 4.12: CCDF of joint probability of different number of gateways per cluster 
considering that it rains simultaneously in all gateways separation distance 500 Km
^FWD  in reduction of the C/(N+I) is allowed before to switch. In the case of N-active, 
the traffic re-route is based on the spare capacity th a t each gateway has. In the case 
of N-fP scheme, if a gateway experiences deep fades, its traffic is re-routed to a free 
gateway from the P  redundants. If all P  redundant gateways are occupied then ACM 
can be used to compensate for the fades in feeder link. In the Smart Gateway scheme, 
the traffic is not just switched, but a handover is performed. It is desirable to minimise 
the switching rate as it has strong impact on the upper layers of OSI model (network, 
transport etc). It is not wise to re-route the traffic from a gateway to another as soon 
as a fade is observed, but an hysteresis period is used to avoid frequent re-routings. 
The purpose of this hysteresis period is to ensure that the instantaneous observed fade 
is actually due to rain and not any fast variations of any form in the received power. 
Especially in Q /V  bands or higher, these events are much more frequent.
Assuming typical link budget parameters as in Talile 4.1, the feeder uplink C/(N-Fl) 
for a number of sites in Europe is shown in Figure 4.14. As can be seen, there is a great 
variation of the C/(N+I)  value across the sites. Lets consider th a t the threshold of the 
C/(N+I)  is 10 dB, and if this threshold is exceeded then an ’’outage” will occur. In
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Figure 4.13; Definition of propagation margin 
Table 4.1: Example of feeder link budget
Satellite Longitude 13 deg (- West)
Frequency 50.5 GHz
Polarisation Tilt Angle 45 deg w.r.t. horizontal
Probability 5 %
antenna diameter 5 m
EIRP 65 dBW
G /T  sat 24 dBi/K
HPA/carrier 162.5 dBW
C /I uplink 23 dB
OBO 9 dB
Figure 4.15, the number of outage events in relation to the outage duration is shown, 
using [73]. It is clear th a t a large number of outages will last just a few seconds and 
this varies from site to site. Then the question as to whether a switching needs to takes 
place immediately after an outage is detected si posed. Therefore, the addition of an
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Figure 4.14: Example of C/(N+I)  feeder uplink for 29 gateway sites across Europe.
hysteresis period is proposed in order to account for these short duration outages.
Lets dehned the hysteresis time as D h - In order a gateway to be characterised th a t it 
is in outage, its atmospheric attenuation needs to be greater than a specific value for a 
period longer than D h - Lets consider that the rain is the sole factor th a t determines 
the outage probability of an outage. The outage probability (switching) is defined as 
P{d > D n ^ a  > A}  where d is the duration of fade, and a is the attenuation. According 
to Baye’s theorem:
P{{d > D h ) n  (a > A t h ) }  =
P{{d > D h ) I  (a > A t h )} > A t h } (4.22)
where P{d > D h  | a > A t h }  can l)e estimated by [73]. In the N +P  diversity scheme, 
there can be only P  switchings in an instant. The probability of having to switch 
(re-route) trafhc is the probability of switching one gateway plus the probability of 
switching two gateways up to P  gateways. The probability of switching a gateway is 
the probability of the rain attenuation to be above a value longer than D h  and at least
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Figure 4.15: Number of outages vs duration of outage, for different gateway sites, 
one of the P  redundant to be available.
p i —
switching
P{{d > D h ) n  (a > A t h )}P{'^ out of P available)
Lets define Ps r  ^ as the probability of a switching needed for the i gateway and Ps r , =  
P{d > D h, P a  > A t h ,}- The probability of switching S R  in the whole system can be 
derived using the formulation of Eq.(4.12).
s r = Y , (4.23)
7 7 7 ,=  1
E
1 = 1
N
“  ^SR,
0=1
X -1
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Figure 4.16: Switching rate vs hysteresis time duration (sec)
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N + P/  N+P ^
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1=1 \ j = N + l  /  \ j = N + l
where is the sets of solutions of the following equation:
X \  -\- X  2 +  • +  X j V  +  2 ^ A / ' + 1  +  • • •  X j \ { p p  =  771
% N + 1  =  . . . =  X i V + P  =  0
and Ap^ is the sets of solutions of the following equation:
X \  + X2 A ... 4" X]\j + x^v+i + ... + X ] \ i p p  — m
X  2 — . . . '— X  — 0
where the variables x n +i .. . x n +p  refer to the redundant gateways. W ith the above
equations, the impact of hysteresis time on the switching rate can be evaluated, and
a close to optimum solution can lie found numerically, which will satisfy the design 
requirements. In Figure 4.16, the effect of the hysteresis time in switching is shown. 
For this example, it was assumed the same propagation conditions for each site, outage 
probability 1% and decorrelation of the outage events among the sites. As can be seen.
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as the hysteresis increases, the switching rate decreases. The drawback of the increase 
of hysteresis time is th a t a capacity loss in the system needs to be tolerated for a longer 
period.
4.6 Further considerations on Switching
Except for the time switched configuration, all previous configurations refer to conven­
tional frequency division (routing) payload architectures, where the uplinks are routed 
to downlinks (and vice versa) in a predefined way. Generally, in the frequency division 
routing payload architecture, as the number of gateways or the degree of diversity in­
creases, the number of connections increase with consequent increase in the on board 
equipment. For a Tbps satellite system where the number of gateways is expected to 
be large, the minimisation of the overall number of gateways is very im portant, thus 
it is expected th a t the complexity of the space segment has to be increased. In Table
4.2, a summary of the trade-offs in routing payload is shown. As we move from the 
top to the bottom, the overall number of gateways in the system is reduced, but the 
complexity of the space segment is increased.
As mentioned previously, in order to reduce the number of gateways in a frequency 
division routing payload, the complexity of the payload interconnections will be in­
creased. This connectivity in the payload is always an issue. In terms of connectivity 
and complexity, the OBP would be the ideal candidate, as no restriction would be im­
posed on the manner or the type of interconnections between uplinks and downlinks. 
For a Tbps satellite, considering the limitations of DC power, power dissipation, mass 
etc, the use of on board processing with demodulation and re-modulation cannot be 
considered a viable solution in the shorter term. Considering a switching type payload 
(Satellite Switched TDM A), some of the issues concerning the connectivity and the 
equipment can be alleviated. By employing an SS-TDMA payload, we have the advan­
tage of reduced equipment compared to the frequency multiplexing case when we move 
from 2FAP to 3FAP. The increased complexity of 3FAP which leads to more equip­
ment, with consequent increase in mass, dissipation etc and possibly accommodation 
issues, can be relaxed by the SS-TDMA scheme. In an SS-TDMA scheme the switching
4.6. Further considerations on Switching 93
Table 4.2: Frequency division routing payloads, complexity vs ground segment
Type Com m ent Payload in terconnections C om plexity
1 GES per user beam. Very large number of gate­
ways
+
1 GES per cluster of user 
beams.
By clustering the user beams, 
the number of gateways is re­
duced by the cluster size.
+ +
1 redundant GES per 1 ac­
tive GES (single site diver­
sity) including clustering of 
user beams.
Double number of GES com­
pared to previous configura­
tion, but the required avail­
ability is ensured.
+ + +
P redundant gateways per 
N active gateways including 
clustering of user beams.
Using one redundant gate­
ways per a number of active 
gateways, the overall number 
of gateways is reduced over 
the single site diversity case.
+ + + +
A user beam is served simulta­
neously by a number of gate­
ways, multiple carriers in a 
user beam where each carrier 
comes from a different gate­
way.
No redundant gateways are 
needed to ensure a given 
feeder link availability, but 
the complexity and the on 
board equipment are further 
increased.
+ + + + +
+ +  low-medium complexity 
+4-F medium complexity 
+ + + +  high complexity 
+ + + + +  very high complexity
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is performed by a high speed microwave switching matrix. Thus, the complexity gap 
between the two frequency reuse schemes no longer exists. Furthermore, the time that 
each beam is served by a specific gateway can be predefined or variable and can range 
across different time periods. This a ttribute allows the resources to be exploit more 
efficient and the overall number of gateways to be reduced, as discussed in chapter 
5. W hen the switching is performed in burst format, then the switching is completely 
transparent to the signal waveform. Any change in the signal waveform has no effect 
on the switching. A switching type payload offers to the system an extra degree of 
flexibility. Ideally, any uplink could be connected to any downlink and vice versa. But 
in reality there is a limitation in the number of uplinks and downlinks th a t can be inter­
connected. Moreover, the uplinks can be matched with the downlinks according to their 
condition, providing a type of fairness feature across the system th a t the other types 
cannot provide. SS-TDMA is not a new concept as it goes back to the 1980s where it 
was used by INTELSAT for communication purposes. A switching payload for a future 
satellite system requires very fine synchronisation between the TDM carriers and the 
satellite clock. The technological demands should not impose any major restrictions. 
In WINDS [74], which employs an SS-TDMA payload, the capability of switching 1024 
Mbps carriers was demonstrated. Thus it is deemed th a t by 2020 the synchronisation 
and switching of high rate TDM carriers will not be a limiting factor. Another issue 
is the incorporation of SS-TDMA with current DVB standards. W ith SS-TDMA, a 
switching mode may take place at anytime, except in the synchronisation phase, and 
this may affect the structure of the DVB frame as now burst mode operation is re­
quired. One solution is to adapt the air interface standard to one fully parameterised 
for such a system. Another possible solution to this problem is the encapsulation of a 
number of DVB frames into a SS-TDMA frame, allowing the switching to take place 
a t specific instances, so th a t the structure of a DVB-frame is not violated. Basically, 
the system will switch on a per DVB-frame basis. In Figure 4.17, the configuration is 
illustrated.
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Figure 4.17: Possible incorporation SS-TDMA and DVB-frame
4.7 Conclusions
Different Smart Gateway architectures have been investigated and simple formulas for 
the evaluation of availabilities and offered capacities provided. For the N-f-P method, 
with P  redundant gateways added to the network, it was shown that adding 1 extra 
gateway per 4, 6 or 8 active gateways, the feeder link will be available for 99.98 or 
99.96% of the time respectively. Adding one more gateway, availabilities of the order 
of 99.999% can be achieved. For a network of 30 gateways, the addition of 2 redun­
dant results in 99.995% of time availability of the feeder links, when each gateway is 
99% of time operational. A very im portant observation was that the proportion of 
gateways needed to be added to reach a given availability level reduces as the size of 
network increases. Clustering the gateways into smaller numbers will ease tlie problem 
of connection onboard the satellite but result in larger margins to ensure the wanted 
availability. For the N-Active scheme, the time multiplexing method seems more a t­
tractive than the frequency multiplexing, as it does not further complicate the payload 
and does not result in increased onboard equipment. It was demonstrated that when 
a UT beam is served by 2 or 4 gateways, a UT beam will be available for 99.95% and 
99.999% of the time respectively, for a margin of 5dB in each gateway. Finally, the 
switching rate was analysed and the addition of an hysteresis period was proposed in 
order to reduce the number of switchings. The effect of the hysteresis in the switching 
rate was also discussed.
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Chapter 5
Flexible resource allocation in 
feeder links
In chapter 3 it was shown th a t more than 200 user spot beams (at Ka band) and 
more than 25 active gateways (at Q /V  bands) are needed to  satisfy the predicted 
satellite internet traffic in Europe by 2020. Considering, th a t the feeder links operate 
a t Q /V  band, they are subject to severe precipitation fades. As each gateway will carry 
very high capacity, very high availabilities need to be ensured. However in these high 
frequency bands ACM is incapable of providing these high availabilities. Therefore, the 
provision of an alternative path  when a gateway experiences very deep fades is necessary 
e.g. diversity. However, duplication of each gateway results in a very expensive ground 
segment. In Chapter 4, we discussed alternative diversity schemes for the feeder links, 
so called Smart Gateways. Each user beam can be served by a pool of gateways instead 
of just a single gateway. If a gateway experiences very deep fades, then it routes its 
traffic to an unfaded gateway.
A method of reducing the number of the gateways is to provide P redundant per N 
active gateways, where F  <C V , as discussed in Ghapter 4. Hence, the total number of 
gateways in the system is reduced to N +P from 2N. This scheme exploits the spatial 
decorrelation of the gateways’ rain characteristics and relies on the statistical properties 
of a gateway outage. In Ghapter 4 a methodology to evaluate the performance of this 
scheme is proposed. For further reduction in the number of gateways, each user beam
97
Chapter 5. Flexible resource allocation in feeder links
G ateway 1
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Figure 5.1: N-active smart gateways - time multiplexing
has to be served simultaneously by a number of gateways either via frequency or via 
time multiplexing, which is denoted as N-active. In this case, when a gateway goes 
into outage, the feeder link’s availability is conserved but a reduction in total system 
throughput is inescapable. Considering a conventional frequency routing payload, this 
N-active scheme results in increased complexity of the payload. In Chapter 4, we argue 
th a t a switching type payload may be attractive for a future broadband satellite system, 
where each user beam could be served by numerous gateways in time multiplex. This 
architecture resembles the already implemented Satellite Switched TDMA (Intelsat 
VI,IX), Figure 5.1. In this way, more flexibility in terms of interconnection between 
uplinks and downlinks is introduced into the system. The time that each feeder link 
is connected with a user downlink may vary over time. The update instructions are 
transm itted from a NCC to the satellite, and an onboard scheduler is thus updated. 
[19] is perhaps the closest related work to the present one, where the authors address 
a time switched approach between beams (beam hopping) on the user side addressing 
non-uniform traffic with the beams. As both architectures are based on switching
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type payloads, but addressing different sides, it can be said th a t the N-active time 
multiplexing diversity scheme fits naturally with the beam hopping architecture.
In this chapter, we consider an N-active Smart Gateway scheme with time multiplexing 
architecture for a future broadband internet access satellite system which aims to intro­
duce more flexibility and reduce the number of the gateways in the system but ensures 
very high availability for the feeder links. A framework to minimise the capacity losses 
in the system due to feeder links is proposed, which tunes the time th a t each gateway 
is connected with a beam by taking into account the beams’ traffic demands and the 
atmospheric conditions at the gateways. In this way, the number of gateways in the 
system can be reduced, resulting in a more cost effective system. The resource alloca­
tion mechanisms differ from th a t in [19], as herein, the mapping of the interconnected 
pairs, gateway - user link, to time slots (a gateway may be connected to different user 
links during the time frame) is considered. The two mapping problems are different as 
well as referred to different sides of the satellite.
5.1 Capacity offered by feeder links in the N-active scheme
5.1.1 System  m odel
In a frame period, the UT beam is served by N  active gateways, either multiplexed in 
the frequency or in the time domain as discussed earlier. Such a configuration can be 
regarded as N-ary site diversity. It is obvious th a t as the number of gateways th a t serve 
a UT beam increases, the probability th a t this beam experiences an outage decreases 
significantly. Of interest is to examine the distribution of the throughput for a UT 
beam. As mentioned earlier, a multibeam satellite system with N  feeder links and M  
user links is considered. Lets define as C ^  and Cfj the instantaneous average (over 
spot beam ’s area) offered capacity from gateway i to user beam j  in the frequency 
multiplexing case and the time multiplexing respectively , where i =  l ,2 , . . . , i V  and 
j  — 1 ,,2 , . . . ,M .  Let the requested capacity per (super) frame period for beam j  be 
defined as R j .  The offered capacity to a beam j  is defined as B j .  In case of frequency
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multiplexing, it is expressed as:
B f  =  E  (<^«) (5.1)
i = l
while in the case of time multiplexing, it is expressed as:
B j  = (5.2)
i = l
where X  G . The X i j  represents the number of time slots th a t i uplink (feeder
link) is connected with j  downlink (user link). Tg denotes the duration of a timeslot. 
Moreover, the capacity Cfj '^  is subject to the propagation condition at each uplink 
site.
Cij = BcPij (5.3)
where Pij G M represents the spectral efficiency and Be is the carrier bandwidth. The
M
capacity losses are defined as L  = m a x { R j  — B j , 0 } .  In the case of frequency
j= i
multiplexing, the carrier’s bandwidth is smaller than in the case of time multiplexing. In 
Chapter 4 and [19], it was shown th a t the time multiplexing outperforms the frequency 
multiplexing due to lower back off needed for transmission. But in [55], the authors 
argue th a t in a future multibeam satellite system, more than one carrier will operate in
each user beam downlink. Thus, it can be said that the advantage of time multiplexing
case over frequency is alleviated. Considering the time multiplexing case, if a UT beam 
is served in equal time by every gateway, then this case is similar to the frequency 
multiplexing case, considering the frequency/time duality in [19].
A system with ACM is assumed. Its characteristics are similar to that of DVB-S2 
(Table D.2) but with a signal format compatible with the operation of this switching 
system, namely with the discontinuous nature of the downlinks, r) — f s E { j ^ ) ,  where 
denotes the carrier over interference plus noise ratio (CINR). The function f sE  
maps the CINR to a respective modulation and coding scheme. Each equals to 
• The 7^ ^ ^  is considered as the average C IN R ^ n  over a spot 
beam ’s coverage area. As the aim herein is to evaluate the performance on the feeder 
links, the CIN Rd n  is considered ideal. Also,
with a denoting the atmospheric attenuation in the medium and the clear sky
5.1. Capacity offered hy feeder links in the N-active scheme 101
uplink CINR.  is the carrier over interference ratio of the feeder link, considering
no attenuation of the interferers - a worst case scenario. When all the gateways are 
operational then the throughput of a UT beam is 100% of its nominal throughput. 
Having k gateways unavailable, then the UT beam ’s throughput is reduced by k / N  of 
its nominal. Lets consider as b the instantaneous fraction of a UT beam ’s throughput 
provided by the gateways. It is to be noted th a t clear sky conditions for the UT links 
have been assumed. If these links experience very deep fades, and ACM cannot cope 
with the fades, then the user terminal will not be served even if the gateways are able 
to provide service to them. Then 6 = 1 - ^  where k is the number of unavailable 
gateways. The probability of the fraction of throughput to  be above ^  is given by Eq. 
(4.17) for having less than  k gateways in outage. For large values of A, the P{b > ^ )  
approaches the normal distribution as follows from the Central Limit Theorem.
P  (b > —'j =  A (available CES > k) = ^ ^ P ( /  CES in outage)
^ '  1=0
- p f - ‘ =  F{k-,N,P) (5.4)
 ^ I  1=0 ^ I
where F { k ; N, p )  is the cumulative distribution function of the binomial distribution.
5.1.2 Dynam ic Resource allocation in N -active tim e m ultiplexing schem e
In the case of time multiplexing, a switched transparent payload which introduces more 
flexibility in the system is considered. Figure 5.1. Thus the interconnection between 
feeder links and user downlinks can change during a (super)frame’s period. This allows 
the number of time slots to be tuned so that a gateway is connected with a certain 
user beam. By taking into account the beams’ traffic demands and the atmospheric 
conditions at the gateways, the time that each gateway is connected with a user beam 
can be tuned such as to minimize the capacity losses, leading to reduced number of 
gateways in the system. The objective is to match the uplink transmission rates w ith
102 Chapter 5. Flexible resource allocation in feeder links
the beam requests. This can be described by the following optimization problem:
optimise fo{N)
X
subject to /fc(X) < A: =  1 , . . . ,  m.
Xij  integer, \ / i , j
where fo{X)  is the function we attem pt to optimize and f k {X)  < represents the 
system’s constraint. Herein, three different objective functions are studied. The first 
one corresponds to rate matching:
M
minimize ^  \ Rj  — b J (A )|” (5.5)
j= i
The second is the load balance
maximise I —  (5.6)X -f-J; R j   ^ ^j= i
and the third is fairness method as reported in [19]
maximize mm —  (5.7)
X  i < j < M  y  R j  J
Equation (5.5) can be transformed to
M
\ Rj  -  B j ( X ) r  =  trace (F) (5.8)
j = i
where F  is a diagonal m atrix with the diagonal element F^ =  \Rk — Bk\^,  with 
n > 1. The ratio B j / R j  is referred to as the satisfaction ratio.
An im portant observation is th a t if we consider th a t X  G then the conditions
(5.5) and (5.6) can be regarded as convex optimization problems [75]. The proof is
obvious. The trace (F) is the sum of convex functions as V^F > 0, Vx G domF,  and if
the logarithm of (5.6) is taken and the sign changes, then,
. . ^ B j ( x )  ^  B j { x )
maximise I I —^ —  44 -m inim ise > log —  (5.9)
'  Bj  = Bj
which again is the sum of convex functions [75]. The problems could be solved in 
real domain and then a branch and cut algorithm to convert the solution to integer if
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not. But, herein a combinatorial solution framework is proposed for all the objective 
functions.
Let us consider S  as the number of (data) time slots of an SS-TDMA (super)frame.
We take X  G [0,<S], thus the constraints are:
N
=  (5.10)
i = l
M
' Y ^ i j  = s ,\ / i  (5.11)
j= i
The above constraints ensure th a t the transmissions will not exceed the duration in 
the SS-TDMA (super)frame. The first constraint ensures th a t a downlink will not be 
assigned more than  the total frame time and the second constraint ensures th a t the 
uplink will not transm it for more than 5  Tg seconds. According to [76], the optimization 
problem (5.7) can be converted to:
maximise t  (5 .1 2 )
subject to t  :< B j { X ) / R j ,  \/j
i
2  Vi
j
t G M, X i j  G %
where t and X  are the independent variables. The above problem is a mixed integer 
linear problem and it is a W P-Hard. However, there are many practical algorithms 
and software packages available in order to get a close to optimal solution.
The optimization objectives (5.5) and (5.6) are addressed by algorithm 1, while the
optimization problem (5.7) is addressed by the equivalent optimisation problem 5.12.
Note th a t X* is the time slot allocation matrix at iteration and &L is the traffic th a t
can be offered at beam j  by gateway i at t^^ iteration. It is expressed as:
t —i
%  =  Z  (5T3)
1=1
Lets define =  \ Rj  -  6E|" or f - j  = -  log depending on the objective function.
The idea is to select the pairs (feeder links - user links) such as to maximise the ^  / |-
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in each iteration (time slot), which is equivalent to allocating the beams with the lowest
satisfaction ratio to the feeder links with the better propagation conditions. In this way,
in each iteration the selected objective function is minimized. Thus, we need to select
in each time slot the pairs, by taking into account the constraints, th a t optimize the
selected objective function. Algorithm 1 tries to maximize the i'^ij binary) in
id
each iteration. The complexity of the algorithm is the algorithm’s complexity used to 
solve the linear integer optimization problem. As before, integer programming is N V -  
Hard, but this problem is zero-one integer linear programming, in which unknowns 
are binary. In this study, the GLPK software package was used to solve all the linear 
integer problems.
A lg o rith m  1 Rate matching and Load balance 
1: X is initialised, every element is set to zero
2 : fo r t= l:S  do
3: f i j  = \ R j  -  % r  or f i j  = -  log ( ÿ )
4; Solve linear binary problem
maximise i j
i 3
subject to
y ^ y ^ Wÿ <  m i n { N , M }
i 3
Y ^ i 3  ^
3
Wij binary, \ /i , j
5:
6 : e n d  for
In the end a table is created of the number of slots th a t each uplink is connected to 
each downlink. This is called the Traffic M atrix and is passed to a scheduler which 
is responsible to schedule the transmission such as to minimize the transmission time. 
According to [77], as long as the constraints in equations (5.10) and (5.11) can be
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A lg o rith m  2  Maximise the minimum satisfaction ratio 
1: X is initialized, every element is set to zero
2: w h ile + m in  {N,  M }  or +  i j  do
3: A list As containing the spot beams numbering sorted according to their satis­
faction ratios, in ascending order 
4: A list Cs containing the feeder link numbering sorted according to their precipi­
tation fades, in ascending order (low attenuation -+ high attenuation)
5: for k = 1 : m in  {N,  M }  do
6: A (C,(A;), A,(A;)) 4- A (C,(A:), A,(A;)) +  1
7: end for
8: end w hile
guaranteed, then the maximum transmission duration will not exceed the to tal number 
of slots or the superframe duration. The scheduler is not considered in this paper.
For the beam hopping case, only the algorithm 1 can be applied, with the oidy difference 
th a t in each iteration R j  and bi j  are replaced by those of the illuminated beams. The 
objective function (5.7) cannot be solved by (5.12) any more. Therefore, algorithm 2 
is proposed which can be applied in both conventional and beam hopping case. In the 
latter, the only difference is th a t in each iteration R j  and bi j  are replaced by those of 
the illuminated beams. Algorithm 2 tends to increase the minimum B j / R j  ratio in 
every iteration. Considering very large number of time slots, the algorithm tends to 
equalize the B j / R j  ratios. Lets consider the difference in satisfaction ratios between 
the highest and the lowest as at the k*^  ^ iteration. At the /c + 1  iteration, we assign 
the uplink with the higher rate to the beam with the lowest satisfaction ratio, and 
the uplink with the lowest rate to the beam with the highest satisfaction ratio. Then 
Ajt+i <  Afc. For very large number of iterations, limfc_}.+oo Ak = 0, which means th a t 
the difference between the highest and lowest satisfaction ratio tends to be reduced in 
every iteration. The complexity of algorithm 2 is 0 (A  log A ).
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Figure 5.2: CDF of throughput (T) for a single site outage of 7% considering clusters 
of gateways of 2, 3, 4, 5 and 6  units
5 .1 .3  D is tr ib u tio n  o f  s y s te m  th ro u g h p u t
In Figure 5.2, the distribution of throughput of a UT beam considering an ideal (un­
faded) forward downlink channel is illustrated. We consider that each gateway hub is 
operational for 93% of the time. When 3 gateways serve a UT beam then for 99.9% of 
the time, the beam ’s throughput is above 30% of its nominal throughput. While when 
4 gateways serve a beam, for 99.99% of the time, the beam ’s throughput is above 28% 
of its nominal throughput.
5 .1 .4  S cen a rio  o f  N -a c t iv e  t im e  m u ltip le x in g
We herein assume a simplihed architecture with four uplinks and four downlinks and 
follow the dimensioning given in [78]. We consider the user links ideal and identical as 
we herein evaluate the performance of the schemes on the feeder links. The average 
clear sky T&r for a beam is taken as 13 dB. The user beam requests are drawn from 
a uniform distribution [2 -MAX] Cbits. The MAX suggests the maximum capacity that
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Table 5.1: Uplink budget at 50 GHz
D e sc rip tio n V alue
Carrier Frequency 50 GHz
Ceo orbit slot 9^^
Polarisation Circular
Antenna size 5m
Antenna Cain 66.5 dBi
HPA power 16 W
Feeder Loss 2 dB
Satellite C /T 25.3 dB /K
Bandwidth 1000 MHz
Clear sky Uplink C /N 25 dB
Table 5.2: Gateway locations
L a ti tu d e L o n g itu d e
38.41 23.51
41.64 13.87
48.02 -2.7
42.78 -6 .6 6
can be offered to  a user beam. This is:
M A X  = T]max Be F ram e JDuration (5.14)
In Table 5.1, the appropriate uplink budget at V band is presented, which was used in 
the numerical evaluation. The locations of the earth stations are shown in Table 5.1.4.
The space - time atmospheric attenuation model described in [79] was used to generate 
an atmospheric attenuation timeseries for the selected gateway locations. This model 
considers spatially and temporally correlated propagation conditions. It enables corre­
lated to tal attenuation fields to be generated on the scale of the coverage of a satellite 
system with a resolution of 1 km. The sampling frequency used was 1 Hz. It accounts 
for space-time correlated rain, cloud, water vapor fields. We choose the duration of
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an SS-TDMA superframe as 1 sec which comprises of 200 slots, similar to the one de­
scribed in [74]. It is assumed th a t the to tal atmospheric attenuation does not change 
significantly during the superframe’s duration (1 second) [36], and can be considered 
constant during a superframe duration. The three algorithms are tested and compared 
against a fixed scenario, where each feeder link is connected for equal number of slots 
to each downlink. This scenario is equivalent to the N-active scheme with frequency 
multiplexing. This scenario does not require any resource allocation management. The 
X m atrix in this case is equal to 50 7i, where 7i represents a square m atrix with unity 
elements.
5 .1 .5  C a p a c ity  ev a lu a tio n  for N -a c t iv e  t im e  m u lt ip le x in g
In Figure 5.3, the transm itted rates and the loss of capacity are shown. The first 
subfigure shows the total offered capacity over time. The other subfigures illustrate 
the capacity losses, resulting from the three algorithms and the fixed scenario, over 
time; It can be seen th a t when deep fades occur, the capacity losses also increase. In 
Figure 5.4, the complementary cumulative distributions of the losses, as a percentage 
of the instantaneous traffic demands, are shown. Note th a t these distributions contain 
only the non-zero values. An im portant outcome is the improvement of these algorithms 
compared to the fixed frequency division case. The algorithms match the transmissions 
with the user beam demands, and enable the losses to  be reduced. The probability 
of small losses decreases significantly compared to the fixed case while the reduction 
in probability for the large losses is reduced. It can be seen th a t the probability of 
having 5 % capacity loss is halved when the proposed algorithms are used compared to 
the fixed case. It is noted th a t in the simulations it was assumed th a t a new traffic 
m atrix is calculated and transm itted to the satellite every superframe. This may not 
be necessary in practice. But herein, the traffic demands per beam were considered as 
constantly changing. In reality the traffic demands do not change dramatically over 
such short periods, thus the calculation and transmission of the traffic m atrix need not 
be so frequent as it is only required when a gateway experiences deep fades and its 
throughput is severely reduced. Therefore, for most of the time, the switching plan can 
be considered fixed and the updates occur only when one or more gateways experience
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Figure 5.3: Losses and ga tew ay  capacity across time 
significant precipitation fades.
In addition, it is noted that in this scheme only one carrier on the user side in needed, 
thus allowing the satellite amplifier to operate close to the saturation point. In the 
case of N-active frequency multiplexing, each downlink will have as many carriers as 
the number of gateways that serve a user beam. In this case, the transm itting EIRP 
will be reduced as back off is needed to eliminate the intermodulation products.
Another observation is the similar behaviour of all three algorithms in this scenario in 
terms of capacity losses. The distribution lines fit almost perfectly with each other, 
indicating th a t the result of each of these algorithms are similar. It is not claimed that 
the algorithms will in general result in similar results, but for this particular scenario
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considered herein their results are similar.
It is also of interest to examine the total useful capacity resulting from the three ob­
jective functions. The total useful capacity UC is defined as
M
UC = ^  min {Bj, Rj} (5.15)
In Figure 5.5, the cumulative distribution of the resultant total useful capacities are 
presented. As can be seen, the three objective functions show similar performance in 
terms of total useful capacity. For a given percentage, the total useful capacity resulting 
from the proposed algorithms outperforms the fixed scenario, offering approximate 1 0 % 
more. Such performance was expected as discussed earlier, th a t when the proposed 
algorithms were applied, the capacity losses were reduced compared with the fixed 
scenario.
In order to gain insight into the behavior of the three algorithms, the simulations were 
re run, but this time the user beam requests were drawn from a uniform distribution 
[0 -MAX] Gbits. The rationale for this change is that in the previous scenario, the 
difference between the traffic demands was not so great as to make a real difference.
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Figure 5.5: CCDF of the total useful capacity for each algorithm
Therefore, now the range of traffic demands is increased in order to broaden our results. 
In Figure 5.6, the complementary cumulative distributions of the losses for the new 
traffic scenario is shown. As before, the three proposed algorithms result in similar 
behavior. But an im portant observation is that their difference from the fixed case is 
now greater. For example, at the 50*  ^ percentile the proposed algorithms resulted in 
something less than 500 Mbps, while the fixed scenario results in more than 1000 Mbps, 
it can be concluded that as the variations in traffic increase, then the improvement due 
to the proposed dynamic sclienies increases compared to the fixed case. In Figure 5.7, 
the CCDF of the total useful capacities resulted from the proposed algorithms and the 
fixed scenario are shown. As far the losses case, the proposed algorithms outperform 
the fixed scenario, showing further improvement compared to wlien the variations of 
traffic were smaller.
An im portant parameter of Smart Gateways is the number of gateways th a t serve a 
user beam. It is expected that the larger the number of gateways in the pool, the more 
flexibility is introduced into the system, allowing further minimization of the losses. 
Thus, the number of gateways in a cluster serving a UT beam is investigated. In
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Figure 5.8, the CCDF of losses as a percentage of the instantaneous requests for the 
different clusters is shown. The results correspond to the match rate algorithm. As can 
be seen, as the number of gateways in the pool is increased, the losses are signihcantly 
reduced. When two gateways are in the pool, then 20% losses are experienced for 40% 
of time. While when hve gateways are in the pool, the percentage of time th a t the 
losses are 20% of the requests is almost zero. In Figures 5.9 - 5.12, the losses as a 
percentage of the instantaneous requests for different clusters of gateways and for all 
the proposed algorithms plus the hxed case are shown. It is clear that as the numlx'r of 
the gateways in the pool increases the gain due to flexible algorithms increases. When 
the number of gateways in the pool is small, the gain compared to the hxed case is 
not great. As a m atter of fact, when 2 gateways were considered in the pool, the gain 
from the flexible algorithms is negligible. It can be concluded that in order to have 
signihcant gain from the proposed algorithms, the number of the gateways in the pool 
needs to be greater than or equal to 3.
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5.2 Technological challenges
It is obvious th a t as the number of gateways th a t serve a user beam increases, the 
availability of the feeder link increases and the capacity losses are reduced. But an 
increase of the number of gateways in the pool means increased complexity for the 
space segment. For the case of N-active (frequency multiplexing) this can be translated 
to increased channelization and routing and more carriers per UT beam with reduced 
bandwidth, which leads to more intermodulation products etc. In the case of N-active 
(time multiplexing), the number of carriers in the user side remains the same, but the 
complexity of the switching m atrix increases and more interconnections are required. 
For the N-active (time multiplexing), the most challenging component is the design of 
the autom atic level control (ALC) of the amplifier on the user side. If a power amplifier 
per user beam is considered, then the input at the amplifier may change dramatically 
from time slot to slot, thus non trivial ALC is required. For example, lets consider 
th a t a user beam is served by two gateways in time multiplexing and th a t gateway 2 
experiences deep fades while the other is under clear sky. Also, lets consider th a t a fixed 
switching sequence is applied, meaning that the beam is served for half of the frame’s 
period from gateway 1 and the other half from gateway 2. When the switching takes 
place, the input to  the amplifier is large and the ALC needs to be able to respond quickly 
to the variation. A potential way to mitigate this effect, is with the use of multiport 
amplifiers (MPA). In a MPA, each signal is split among the amplifiers. Therefore, the 
input power in each amplifier is similar, and the switching does not affect the ALC and 
the transition depends only on the rain fade slope.
5.3 Conclusions
In this chapter, a N-active (time multiplexing) architecture was considered for the feeder 
side, and three dynamic allocation schemes were proposed, which minimize the capacity 
losses. The proposed resource allocation schemes allocate time slots between the uplinks 
and downlinks in a more flexible manner such as to minimize potential losses, while 
ensuring given feeder link availability. This system employs a time switched payload.
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enabling any uplink to connect to  any downlink. In the case of fixed scheduling, the 
probability of having losses > 5% is almost 80% when 4 gateways in the pool are 
considered, while the proposed algorithms result in a reduced probability of loss of 
around 63%. On the other hand, new scheduling instructions need to be transm itted 
to the satellite in order to update the scheduler. This diversity scheme allows further 
reduction of the overall number of gateways in the system, without requiring de/re- 
modulation as in full on board processing (GBP). In addition, this architecture is 
a perfect match for a beam hopping system, as both systems use a switching type 
payload.
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Chapter 6
Flexible resource allocation in 
user links
Satellite systems have in the past tended to  be power limited but are now increasingly 
becoming bandwidth limited. However they have the advantage of providing fixed 
broadband access to areas such as rural/suburban where terrestrial systems are uneco­
nomic. Until now, the capacity in such satellite systems has not allowed comparable 
costs to terrestrial provision. So the target for a HTS system is to reduce the cost/b it 
by exploiting the resources much more efficiently. As discussed previously in chapter 
2 , the traffic varies across the coverage area. There some areas th a t show very high 
demands while others demand less. In chapter 3, we discuss only the effect of uneven 
traffic ratio between FWD and RTN link, while in chapter 5 we proposed an architec­
ture, which is based on a switching type payload, and a framework to cope with the 
short term  variations of the traffic demands. By designing a HTS Broadband system 
assuming uniform traffic distribution, it will result in a waste of precious resources and 
not optimisation of the cost/bit. Thus the designer needs to take into account the 
traffic distribution over the coverage area. The non-homogeneity of the traffic demands 
over the coverage area can be mainly addressed by non-uniform bandwidth allocation 
across the user beams.
Some recent studies on HTS Broadband systems focus on designs capable of coping 
with the non-uniform traffic distribution over the coverage area. Almost all the studies
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Time slot 1 Time slot 2 Time slot S
Full bandwidth
Figure 6.1: Beam hopping system
consider either flexible bandwidth allocation (in frequency domain or in time domain 
- beam hopping) or flexible power allocation. Especially, the beam hopping scenario, 
Figure 6.1 seems very attractive due to the flexibility th a t introduces into the system, as 
discussed in section 4.6. This architecture fits naturally with the architecture described 
in chapter 5. However, even allocating the resources in a flexible way, it is not adequate 
enough to satisfy the demands of the users in some areas, due to very high requests. 
Thus a more efficient design is required. A way to cope with this is to increase the 
frequency reuse in these areas, but the numbers of user beams usually consists of a 
system constraint. Therefore, a way to overcome this and increase the satisfaction of 
the users needs to be found.
The common theme among these studies is the use of a standard coverage lattice, 
wherein each beam has the same size (beamwidth) and the overlap between adjacent 
beams is fixed. As mentioned in chapter 2 , this topic is hardly discussed in literature. 
The authors in [26] proposed a non-regular multibeam coverage design in order to cope 
with the non-uniform traffic distribution. The main idea was to engineer the size of
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the beams such as to achieve load balancing amongst them. In this way, there is no 
implication on the payload design, only on the antenna front end. They dem onstrated 
th a t the overall satisfaction ratio can be increased significantly. However a drawback 
of this technique is th a t some areas are poorly covered or remain uncovered. Also, the 
patent in [27] describes a method of designing a beam pattern  using different beam 
sizes in order to cope with the non-uniform distribution traffic over North America.
In this chapter, we propose a joint optimisation of non-uniform bandwidth allocation 
and non-uniform beam sizes in order to better m atch the traffic demands, increase the 
to tal useful capacity and utilise the limited space resources more efficiently. At the same 
time, continuous coverage over the wanted area is provided. We consider a switching 
type payload (Beam hopping) where in a time slot only one set of beams is illuminated. 
This is in line with the findings of chapters 4 and 5, th a t suggest th a t a switching type 
payload is very attractive for a HTS system. The chapter is organised as follows: in 
section 6 .1  the system model is described, in section 6 .2  the joint optimisation technique 
is explained and in section 6.3 the results are presented and evaluated.
6.1 System  model
In a multibeam satellite system, the beamforming antenna generates N  beams over the 
coverage area. The total available bandwidth is B t o t  in each polarisation. According 
to the beam hopping scheme, in each time slot, only one set of beams is illuminated, 
and the total bandwidth is used by these beams. Lets consider th a t the illumination 
repeats every frame, which is divided into S  time slots. Let us define X  =  [ATi . . .  X 5 ] as 
a beam hopping allocation matrix, where X j  G indicates the set of beams which
is illuminated in time slot. If X{j  =  1 then the time slot j  beam i is illuminated. 
Let Ci be the offered capacity towards the beam, and is equal to:
s
Cj = B t o t  X i j E  f sE  (^CINRj\  (6 .1 )
j= i
where C I N R j  denotes the CINR for beam i at time slot j. The function fsE maps the 
C I N R  to appropriate spectral efficiency according to the DVB-S2 standard. The E[-]
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denotes the expected value over the area inside a beam. Thus, the spectral efficiency 
for beam i is the expected value of the spectral efficiencies of the area within beam i. 
The offered capacity Q  depends on the CNIR and the number of time slots for which 
beam i is illuminated. The CINR of a point inside beam i depends on the transm itting 
power and the interference.
Let Ri  be the requested traffic for beam i. In order to best match the traffic requests 
with the offered capacity we want to tune the transmissions per time slots. At the 
same time, we try  to maximise the total useful capacity. This can be expressed as the 
following optimisation problem:
maximise TT (
-  f d V  Ri
subject to
fkip^^ — ^ki A: =  1, . . . , 772.
where w* is a weighting factor and fk{x) < represents the system’s constraint. 
The constraints may be those of the payload or ground segment. In order to simplify 
the problem and reduce its dimensions, we assume binary power allocation. This means 
th a t if a carrier is allocated to a beam, then P  watts will be allocated to th a t carrier. 
Herein, it is considered that the overlap between adjacent beams is not constant, but 
varies and different overlap levels are allowed.
6 .1 .1  D e f in it io n  o f  a d ja cen t b ea m s
In the literature, adjacent beams are defined as any two beams which overlap with each 
other. Herein, we extend the definition of adjacent beams in order to account for the 
difference in interference level th a t a narrower beam would cause to a broader beam. 
Referring to Fig. 6.2, two beams are called adjacent when the m i n { C / I }  across the 
line A B  or C D  is lower than T H ,  where T H  is a chosen threshold and I  is considered 
only to  be the interference from one of the considered beams.
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/
Figure 6.2; Definition of adjacent beams
6.2 Resource allocation
Tlie objective of tliis study is to determine liow we can match better the traffic demands 
witii the least impact on the space segment for a multibeam HTS system. We consider 
a maximum number of spot beams and fixed payload configuration. By this, we mean 
that the peak power and the number of the amplifiers is fixed. Thus, the param eters 
that need to be tuned are the beam lattice and the time slot allocations. As the problem 
is very complex, we try to decompose it to simpler problems.
A practical restriction is the fact that it is not possible to tune the antenna gain 
over each point, but only over large areas, or a set of points. Also, it is im portant 
that the resultant beam pattern provides continuous coverage over the wanted areas. 
It is reasonable to assume th a t over the areas with high traffic, smaller beams are 
placed in order to reuse the bandwidth. Alternatively, over the areas with low traffic 
demands, larger beams can be placed. Thus, first we need to decide which areas can be 
characterised as high traffic areas and which as low traffic areas. Next, we consider the 
number of beams to be found over each sub-area along with an appropriate beamwidth. 
This constitutes a first level of matching to the traffic demands. Tlie second level is 
the beam hopping sequence, where the l)andwidth is allocated in a non-uniform way 
across the spot beams to match their traffic demands.
6 .2 . 1  I r r e g u la r  b e a m  sizes
The first step is to identify which areas can be considered as high tralfic demand areas 
and which as low traffic demand areas. This problem resembles a pattern recognition 
problem, where different patterns need to be identified. Therefore, the use of Self
124 Chapter 6. Flexible resource allocation in user links
Organising Feature Maps (SOFM) seems appropriate. SOFM are competitive neural 
networks in which neurons are organized in a two-dimensional grid (in the most simple 
case) representing the feature space. The principal of a SOFM is to convert/ transform 
an M- dimensional space signal into one or two dimensional discrete maps, and to 
perform this transformation adaptively in a topologically ordered fashion. A SOFM 
consists of A X  A or jFC X 1 neuron network. The input vector for this network is the 
grid of the traffic points (Latitude/Longitude/Traffic), as can be seen at Figure 6.3. 
The red/yellow colours represent high traffic demands, while the blue colour represents 
low traffic demands. The SOFM adjusts the weights of each neuron such as to match 
the pattern  on the input, and the output shows the winning neuron for each input 
point. It acts as a pattern  recognition tool. Basically, we choose A x A or FT x 1 points 
(centroids). We then train  the neural network using the traffic grid points. At the 
end, the weights of the centroids represent the (Latitude/Longitude) of each centroid 
(sub-area). The centroid weights are adjusted as follows:
wui{t) =  wni{t  -  1) +  Q{u,v)a{t){D{t)  -  wui{t -  1)) (6.3)
where wrii is the weight vector of the centroid a t iteration, a  is a monotoni- 
cally decreasing learning coefficient and D  is the input vector (Latitude/Longitude). 
0 (u ,u ,tr )  is a neighbouring function and depends on the winning neuron u, neuron v 
and traffic demand vector t r .  The magnitude of the change decreases with time and 
with distance (within the lattice).
a(^) =  do exp (6.4)
® ( “ ’ '’) = e x p ( - ^ % )  (6-5)
(r(^) =  (To exp (6 .6 )
A  denotes a time constant and dist is the distance from a grid point to the best matching 
neuron at the instance. In order to take into account the traffic density over the 
coverage area, the grid points are replicated according to the following rule:
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Figure 6.3: Traffic distribution. The blue and red colours indicate the low and high 
traffic areas respectively.
where M i  is a variable th a t controls the replication process and [-j is the floor func­
tion. In this way, more points arc replicated over the area with higher traffic demands. 
The input traffic grid points are assigned to a centroid after having trained the SOFM. 
Hence, this tool is used to identify different areas according to their demands. The traf­
fic demand of each cell (a cell corresponds to one centroid) results from the aggregation 
of the cell point traffic demands. The cells are quantised into M  categories, where M  
is the number of different beam sizes. An example is shown in Figure 6.4 where two 
different beam sizes are available (blue and red). The blue and red colours indicate 
the low and high traffic areas respectively. The traffic aggregations are further clipped 
down to 95^  ^ percentile. The reason being not to allow very high concentrations of 
traffic in some areas that would overwhelm the quantisation proccxlnre.
As the number of neurons increases, then each cluster is smaller and this may result 
in sporadic traffic sub-areas. On the other hand, the fewer the neurons, the traffic 
sub-area tends to grow. An appropriate number of neurons depends on the coverage 
area and the traffic distribution. When the traffic is highly uneven, then large numbers
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Figure 6.4: Example of traffic sub-areas. The blue region represents the low traffic 
sub-area and the red region represents the high traffic sub-area.
of neurons would cause sporadic clusters, thus less neurons should be selected. The 
maximum number of neurons should indicate the smallest area that the designer can 
place beams of one size. Regarding the parameter M i,  a large value would cause the 
replication of many points, slowing down the procedure and taking more time for the 
SOFM to converge. This param eter should indicate and represent the difference in 
traffic demands. Herein, the M i  was considered equal to 10.
Having identified the different traffic sub-areas, appropriate beam sizes are selected, 
and then the beams are placed such as to minimise the uncovered areas. Note that 
someone could replace the above procedure with a hand picked definition of the traffic 
sub-areas, which may rely on several criteria, not just the traffic distribution. Let 
us define as Sk and Tk the surface area and the aggregated traffic demand of the 
sub-area respectively. Knowing the average spectral efficiency over the sub-areas, 
an estimation of the bandwidth required can be performed. Utilising information of 
a uniform regular sizes scenario (average spectral efficiency), we can approximately 
estim ate the bandwidth needed for every sub-area. Lets define as the bandwidth
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needed for the traffic sub-area. Prom [80], the number of beams N  within a circle 
with diameter 9c (for example allowing 21% overlap) can be approximated by:
where 9sp represents the beamwidth of the spot. Thus, it is possible to estim ate the ap­
propriate spot beam ’s beamwidth to cover each traffic sub-area by solving the following 
equation with respect to  6sp^.
( ^ 1 ^ '  = ( l" c o s tO
where [•] denotes the ceil function. Oc^ . refers to the minimum radius enclosing circle 
for the k^^ traffic sub-area. The above equation demonstrates the relation between the 
beam ’s radius and number of beams per sub-area. The number of beams per sub-area 
becomes a function of the beams beamwidth. In order to estimate appropriate number 
of beams per sub-area and beamwidths, we assume a 4 colour frequency reuse. Thus, 
each beam is considered to be allocated with bandwidth Be. If Osp is the radius vector, 
then by solving the following, appropriate beam sizes can be estimated.
maximise S '-
subject to
(6 .10)
^ S p m i n  —  ^ S p  ^  ^ S p m a x
M
Ni < Maximum number of beams
2= 1
The above equation implies load balancing between the sub-areas. Equation (6.8) in­
dicates the number of beams per sub-area as a function of the spot beam ’s beamwidth. 
And the number of beams is associated with the frequency reuse and how much band­
width can be allocated per sub-area. Thus optimisation (6.10) tries to find appro­
priate sizes to  balance the allocated bandwdith over the requested bandwidth for all 
the sub-areas. The independent variables in the above optimisation problem are the 
beamwidths (radii). It has been considered th a t the beams in each sub-area cover ex­
actly the surface of the sub-area, this is an approximation. Note th a t these are not the 
final beamwidths. Their only purpose is to assist in the estimation of the number of
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beams in each sub-area. The next step is to place the beams over the sub-areas. Each 
sub-area is represented by a grid of points equi-spaced from each other. Lets define 
as Pfc tfie set of grid points over traffic sub-area k. Pk contains the Lat/Long of each 
grid point. The beam centres can be found by clustering the grid points into Nk sets 
1/ =  L i, 1 /2 , • • •, such as to minimise the within-cluster sum of squares
Nk
a r g m in ^ ]  \\Pkj ~  (6.11)
® 2=1 PkjEZ/i
where pi is the mean of points in Li and represents the beam ’s centre. This problem 
is a known NP-hard problem. For the solution of the problem (6.11), the well known K- 
means is used. Then the radius of the circle for every set Li is chosen as the circle’s area 
to be equal to the Li area. The beamwidth for the beams in each sub-area is chosen 
as the average value of the previously computed radii. According to the proposed 
algorithm, the number of beams per sub-area is estimated and then a specific number 
of beams needs to  be placed over this sub-area. The beams are placed with the following 
order: larger to  smaller. As it is easier to wrap smaller beams around large ones instead 
of vice versa.
6.2.2 A ntenna configuration
Having defined the beam layout (Figure 6.5(b)), we need to map the beams to reflectors 
on the satellite. This reflects the constraints of spacecraft accommodation where 3 or 
4 reflectors are usually used. Then the design of the radiation patterns takes place to 
minimise the interference between the beams of the same reflector. For the conventional 
beam lattices, the inter-beam distances amongst beams of the same reflector are fixed. 
If 9o is the beamwidth, then the inter-beam distance is 1.5^o and VS9o for the 3 and 4 
reflectors case, respectively [81]. It is desirable to maximise these distances, as larger 
feeds can be accommodated. This also implies interference minimisation for a regular 
frequency reuse pattern. In our case, the inter-beam distances and the overlap are not 
fixed. Therefore, we need to assign the beams to the reflectors such as to optimise 
the antenna performance. Thus, the final assignment needs to maximise the minimum 
inter-beam distances of all the reflectors. For the rest of the thesis we will refer to the
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distance between the edges of the cells as inter-distance. Lets define as dij the inter- 
beam distance between the and beam and m the total number of reflectors. Also, 
Uk represents the sets of cells assigned to  the reflector. The objective function can 
be expressed as:
arg max < m in  < m in  \dn}> >  (6.12)
u  (iXkXm (ijeUk  ^ j j  ^ ^
The optimisation problem (6.12) is similar to partitioning a graph. Given a graph
G (y ,E \w ) ,  where w X 0 are the edge weights, we need to find a partition U =
(U i, . . .  yUrn) of the vertex set of G and maximise m in  < m in  iw a }  >. This is a
(ijE U k j
known NP-hard problem. In G every vertex is connected with every other vertex. If 
Wij = 0 then there is no edge connecting Vi with Vj.
Lets consider Uopt as the optimal partitioning th a t optimises (6.12) and Wm is the
^ m m  {wij} j .  Then it can be said th a t Uopt corresponds to vertex colouring of 
G' =  (U, E'\ w), where an edge exists only between V  th a t belong to different partition, 
w{u,v)  /  0 if {u G and v G Uj,\/i ^  j } .  If another edge e is added in G', then 
w{e) y  Wm- Thus, G' is the equivalent to  G if the maximum edges are removed from 
it, such as to be able to vertex colour G with m  colours. If G contains a clique of 
size m ', then at least m ' colours are needed to colour th a t clique; in other words, the 
chromatic number (%(G)) is at least the clique number (w(G)), %(G) >  uj{G). We 
propose a heuristic algorithm (3) to partition the vertices - beams such as to optimise 
function (6.12). This algorithm searches the graph for the edge with the highest weight 
and delete until the graph to be able to be coloured by a specific number of colours. In 
order to speed up the aforementioned algorithm, initially the edges whose weights are 
very high are deleted. For example, if an edge is greater than three times the minimum 
beamwidth between two nodes-beams, then this edge can be deleted.
An example of the above procedure is illustrated in Figure 6.6. The colours represent 
the reflectors. However, it is not feasible to shape the beams such as to  cover the 
depicted area in each cell. For the capacity assessment, the radiation pattern  described 
in Appendix B was used. According to [26], a taper of 1.6 and edge of taper -10 dB 
best fit a typical reflector antenna radiation diagram. These values were used for the 
performance assessment.
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A lg o rith m  3 Maximise objective function (6.12)
1: w h ile  TRUE do
2: w h ile  TRUE do
3: Find all the cliques of G [82] and chromatic number’s boundaries [83]
4: if  m ax  {cliques size} y  m  Sz average %(G) >- m  th en
5: Remove edge with the biggest weight (largest distance), from the clique with
maximum size 
6: else
7: Break
8: end if
9: end w hile
10: Colour the vertices
11: if  Successful th en
12: Break
13: else
14: Remove edge with the biggest weight (largest distance)
15: e n d  if
16: e n d  w hile
6.2.3 Switch m atrix
Having designed the beam pattern, we need to find the appropriate beam hopping 
switching sequence. It is usually preferable th a t beams be single polarised. This means 
th a t there will be two partitions of beams, each partition will correspond to each polari­
sation. The set of beams operating in each polarisation can be derived from the previous 
assignment of beams to reflectors. Then, each of the bandwidth allocation algorithms 
can be used for each partition. The problem consists of discrete and continuous vari­
ables, making it very complex. The selection of the beams, which are illuminated in 
each time slot, are of param ount importance as this controls the interference levels. 
B ut an im portant observation is th a t in an environment which is bandwidth limited, 
we need to reuse the frequency as much as we can. In the literature, there are plenty of 
algorithms to find an appropriate switching sequence. The state of the art algorithms
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are mentioned in [23]. The authors propose two heuristic algorithms which allocate 
capacity resources based on the per- beam traffic requests. From those two algorithms, 
minCCI  and maxSNIR, the latter results in higher overall satisfaction ratio. Therefore 
it will be considered as the benchmark for the performance evaluation of the proposed 
algorithm herein. The objective function to be optimised is (6.2) can be transformed 
as follows:
maximise m inm ise -  ^  log (6.13)
Lets consider as / j  =  — Aj log the logarithm of the satisfaction ratio of the
beam at the time slot. A is a weighting factor th a t controls the time slot allocation.
Its main purpose is to ensure th a t the beams with very high traffic demands will not
overwhelm the process, thus absorbing all the time slots, and lead to beams with no
time slots being allocated. It is defined as A =  + 1, where m n  is the maximum
number of time slots allocated in a beam, n  is the number of time slots allocated
in each beam, and A is a parameter, dependant on the scenario and chosen here as
A =  100. At the beginning, every A =  1. The idea is to try  to maximise the lii
Vj
each iteration (time slot), which is equivalent to allocating more slots to  beams whose 
the ratio C j / R j  is lower. In this way, in each iteration the selected objective function is 
minimised. Thus, we need to  select the beams in each time slot, by taking into account 
the constraints, th a t optimise (6.13). The optimisation problem (6.14) achieves the 
latter. Lli represents the set of adjacent beams for the beam. The value of the 
threshold T H  for the definition of adjacent beams is set iteratively. An initial value is 
considered and then is increased or decreased according to the result. The increase step 
is 0.5 dB. If the next step results in reduced capacity, then T H  is set to its previous 
value. The variable w  is binary, and indicates which beam will be illuminated. The
constraint ^  Wj < 1, Vz (for every beam) states th a t no two adjacent beams will be
jePi
illuminated in a time slot. As described earlier, two beams are called adjacent when the 
condition in section 6.1.1 is fulfilled. The threshold can either be a design param eter 
or an extra decision variable of the overall optimisation problem. The beam hopping 
switching sequence is addressed by the proposed algorithm (4). At the end of each 
iteration, it is checked which beams have a satisfaction ratio > 100%. In the next
132 Chapter 6. Flexible resource allocation in user links
A lg o rith m  4 Beam hopping switching matrix
1: X is initialised, every element is set to zero
2: fo r t= l:S  do
3: Calculate / j  =  —Aj log
4; Solve linear binary problem
maximise f jWj
subject to
<  Max number of illuminated beams
j (6.14)
Wj < l,Vz (for every beam)
Wj  binary, Vj
Other constraints
5: X jt  4— Wj
6: e n d  for
iteration, an additional constraint in (6.14) is added, which rules out the selection of 
those beams.
6.3 Results
In order to evaluate the performance of the proposed joint optimisation, two beam 
lattices were considered. The first one consists of equal sized beams, and the second 
one considers irregular beam sizes (2 sizes). Both beam layouts were tested using 
fixed frequency colour reuse scheme (conventional) and beam hopping. The number of 
neurons for the SOFM is 50 and M i  equals to 10. Applying the methodology described 
previously, the traffic sub-areas shown in Figure 6.4 were identified and the beam 
pattern  shown in Figure 6.4 was generated. In Table 6.1 the payload configurations 
for all scenarios are shown. It was assumed th a t the user link operate at Ka-band, and 
have access only at the exclusive part of the spectrum (19.5 - 20 GHz). Also, it was
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(a) Bearn pattern - one size
8. 5 r
7. 5
#
5. 5 Q- -’ Ô
5L-
- 2 0 1 2  3
(b) Bearn pattern - irregular sizes
Figure 6.5: Beam pattern - regular and irregular
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Table 6.1: System characteristics
P a ra m e te r  /  S y s tem C o n v en tio n a l E q u a l sizes Ir re g u la r  sizes
Air interface (FWD) DVB-S2
Number of Beams 200
Beamwidth (°) 0.25 0.25 0.2517 & 0.196
Antenna effective diameter 
(m)
4 4 4 & 5.1
Antenna peak gain (dBi) 56.5 56.5 56.5 &: 58.5
Downlink frequency (GHz) 19.5-20.0
Polarisation/beam Single
Bandwidth (MHz) 100 500
Number of HPA/polarisatiori 100 20
Saturation power (W) 20 100
O utput Backoff (dB) 2
E xtra losses (dB) 0 0 0.5
TH (dB) 9
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Figure 6.6: Mapping beams to reflectors, minimising inter-beam distance. The two 
user beams with the bold red line are the ones with the minimum inter-beam distance.
deemed that each beam is single polarised. A grid of 30000 points over the coverage 
was used for the capacity assessment. For the scenario with the irregular beam sizes an 
extra loss of 0.5 dB is assumed [84], in an effort to take into account any loss from the 
more complicated antenna system. The beam layout with equal size beams is shown 
in Figure 6.5(a). For the beam layout with the irregular beam sizes, the mapping 
to reflectors was performed using the algorithm 3. The resulting mapping is shown in 
Figure 6.6. In order to evaluate the effectiveness of the mapping algorithm, we evaluate 
the performance of the C /I distribution over the coverage area, assuming conventional 
frequency reuse of 4 colours. For the irregular sizes beams scenario, the mapping to 
reflectors was used to allocate frequency colours to beams. Figure 6.7 shows the CCDF 
of C /I for both equal size and irregular sizes beams scenarios. As can be seen, the 
irregular sizes beams shows slightly worse performance until the 50^ '^ percentile, but 
after that better performance is observed. The reason for this is due to the narrower 
beams, to which the peak radiation power is greater than the broader beams. Overall,
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Figure 6.7: CCDF of C /I for irregular and equal size beams
the C /I performance of the irregular sizes beams is comparable with the equal size 
beams, which shows the effectiveness of the mapping algorithm.
First the performance of the proposed algorithm is examined in comparison with the 
maxSNlR. In Figures 6.8 and 6.9, the offered capacity versus the requested capacity is 
shown for the proposed algorithm and the maxSNIR  algorithm (used as a benchmark), 
for both scenarios with equal and irregular beam sizes. In Figure 6.8(a), we show 
the results for the prop osed  BH algorithm while in Figure 6.8(b) the results for the 
maxSNIR  algorithm, for the case of equal size beams. In Figure 6.9(a), the results for 
the proposed BH algorithm are illustrated while in Figure 6.9(b) the results for the 
mnxSNIR  algorithm, for the case of irregular sizes beams. From these figures, it is 
clear th a t the proposed BH algorithm outperforms the one used as a benchmark. But 
the improvement is almost negligible (-( 1%). Nevertheless, the proposed  shows better 
results.
In Figures 6.10 and 6.11, the offered capacity versus the requested capacity is shown 
for both equal size and irregular size beams. In Figure 6.10(a), the comparison be­
tween offered and requested capacity for the conventional equal size beam scenario is 
shown, while in Figure 6.10(b) the respective results for the BH equal size scenario.
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Overall satisfaction  ratio 91 .05%
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Offered capacity (bps)  ^ io®
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(a) Offered versus requested traffic - proposed BII algorithm - equal size beams
Overall satisfaction ratio 90 .58%
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(b) Offered versus requested traffic- rnaxSNIB. algorithm - equal size beams
Figure 6.8; Offered traffic vs requested traffic for proposed BH algoritliiii and maxSNIR  
BH algorithm - equal size beams
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Overall satisfaction ratio 9 8 .7139%
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(a) Offered versus requested traffic - proposed BH algoritlim - irregular sizes beams
Overall satisfaction  ratio 98 .5 96%
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(b) Offered versus requested traffic - m axSN IR  algorithm - equal size beams
Figure 6.9: Offered traffic vs requested traffic for proposed BH algorithm and maxSNIR  
BH algorithm - irregular beams sizes
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The scenario with equal size beams results in 61.6% and 91% overall satisfaction ra­
tio, for conventional and beam hopping payload respectively. In Figure 6.11(a), the 
comparison between offered and requested capacity for the conventional irregular sizes 
beams scenario is shown, while in Figure 6.11(b) the respective results for the BH ir­
regular sizes scenario are depicted. The scenario with irregular sizes beams results in 
73% and 98.7% overall satisfaction ratio, for conventional and beam hopping payload 
respectively. A significant improvement of 12% for the conventional payload, and 7.7% 
for the beam hopping payload seems to be gained by using different beam sizes. It is 
clear th a t the main improvement is due to beam hopping.
Shedding light on the reason for this improvement, in Figure 6.12 the cumulative com­
plementary distribution functions (CCDF) of the requested traffic per beam for both 
equal size and irregular sizes scenarios are shown. As can be seen, the scenario with 
irregular beam sizes shows a lower probability of a beam to have high traffic requests 
and higher probability of a beam to have low traffic requests. In this way, the proposed 
algorithm tries to balance the traffic loads in order not to  overload some beams. Thus, 
it is possible to better satisfy the traffic requests of the system. Such a result was ex­
pected, since different sizes are used, the smaller beams cover less area, thus the traffic 
requests in these beams was reduced. The resulting beamwidths for the scenario with 
irregular sizes are 0.2517° and 0.196°, while the beamwidth for the equal size scenario 
is 0.25°. The reason th a t the larger beamwidth in the irregular sizes scenario is almost 
the same as th a t in the equal size scenario, is because in the latter the distance be­
tween adjacent beams is constant. In the irregular beam sizes scenario, a higher level 
of overlap is allowed.
6.4 Conclusion
In this chapter, a joint optimisation of non-uniform bandwidth allocation and non- 
uniform beam sizes to better match the traffic demands is proposed, which results in 
an increase of the total useful capacity and more efficient utilisation of the limited 
space resources. The proposed method was applied in a hypothetical traffic scenario 
over Europe, where a maximum number of 200 user beams is assumed. A beam lattice
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(a) Offered versus requested traffic - conventional - equal size beams 
Overall satisfaction  ratio 91 .05%
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(b) Offered versus requested t raffic - BH scenario - equal size beams
Figure 6.10: Offered traffic vs requested traffic for conventional and beam bopping 
scenarios- proposed BH algorithm - equal size beams
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Overall satisfaction ratio 73 .0 518%
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(a) Offered versus requested traffic - conventional - irregular sizes beams 
Overall satisfaction ratio 98 .7139%
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(b) Offered versus requested traffic - BH scenario - irregular sizes beams
Figure 6.11: Offered traffic vs requested traffic for conventional and beam bopping 
scenarios - irregular sizes beams
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Figure (i.l2: CCDF of the requested traffic per beam for both scenarios
with irregular beam sizes was assumed in this study, but we allowed only two different 
sizes to be generated. The overlap between adjacent beams was not considered con­
stant. Only the forward direction is studied herein. The results of the forward link 
were presented and compared with a uniform design and a case with only non-uniform 
bandwidth allocation. It was demonstrated that an improvement between 7.7-12% in 
overall throughput can be achieved. Nevertheless, some areas seem to fall outside of 
the 3dB beamwidth coverage. As the number of total beams increases, the difference 
between the sizes decreases. Herein, a large number of of beams was considered.
Chapter 7
Conclusions and Future work
7.1 Conclusions
In this thesis, we have studied and modelled a future broadband fixed access satellite 
system capable of meeting the future traffic demands. The study considered both the 
ground and the space segment. Two main concepts were investigated, the Tbps satellite 
system and the Smart Gateways diversity scheme.
Firstly, a feasibility study was conducted to investigate whether or not a satellite ca­
pacity of a Tbps is possible considering appropriate state-of-the-art technologies. It 
was demonstrated th a t such a future HTS system suitable for broadband access would 
need to use both Ka and Q /V  bands and operate with around 25 GES in Q /V  bands 
and have user terminal beams of 200 plus. For the air interface, the performance of 
DVB-S2 and DVB-RCS2 ACM was considered along with potential extensions of these 
standards. Various frequency reuse patterns and antenna models have been investi­
gated for the forward link which is noise rather than interference limited. Nevertheless, 
increasing the number of spot beams (b  200) the system tends to  be interference lim­
ited, thus triggering the investigation of techniques to further reduce the interference. 
It was assumed th a t the gateway availabilities can be secured by a sm art gateway di­
versity scheme and th a t ACM would provide availabilities for the user terminals. The 
modelling was performed for uniform traffic between forward and return link but could 
be adjusted for uneven traffic load. It is noted th a t the traffic is not equally distributed
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across the coverage area with around 8-10 hotspots in European coverage dominat­
ing. The impact of the design on the space segment was examined and the effect of 
non-uniform traffic was examined. It was shown th a t the ground segment is increased 
significantly, around 34 gateways to provide 600 Gbps in the forward direction and an 
appropriate overall design needs to consider both segments (space, ground) for optimal 
design which minimises the cost/bit.
Secondly, as the number of gateways increases significantly, different Smart Gateway 
architectures have been investigated, aiming to reduce the overall number of gateways in 
the system and to provide the required availabilities in the feeder links for a future HTS 
system (Tbps satellite). A transparent payload was assumed. Two main architectures 
were studied, the N-hP where P redundant gateways added to the network (N active 
gateways), and N-active where a user beam is served simultaneously by N gateways 
either multiplexed in time domain or in frequency domain. For each architecture simple 
formulas for the evaluation of availabilities and offered capacities are provided. For the 
N-fP method, it was shown th a t adding 1 extra gateway per 4, 6 or 8 active gateways, 
the feeder link will be available for 99.98 or 99.96% of the time respectively. Adding 
one more gateway, availabilities of the order of 99.999% can be achieved. For a network 
of 30 gateways, the addition of 2 redundant results in 99.995% of time availability of 
the feeder links, when each gateway is 99% of time operational. A very im portant 
observation was th a t the proportion of gateways needed to be added to reach a given 
availability level reduces as the size of network increases. Glustering the gateways into 
smaller numbers will ease the problem of connection onboard the satellite bu t result 
in larger margins to ensure the wanted availability. For the N-Active scheme, the time 
multiplexing method seems more attractive than  the frequency multiplexing, as it does 
not further complicate the payload and does not result in increased onboard equipment. 
It was demonstrated th a t when a UT beam is served by 2 or 4 gateways, a UT beam 
will be available for 99.95% and 99.999% of the time respectively, for a margin of 5dB 
in each gateway.
Thirdly, based on the previous findings and th a t a time switched model for the payload 
is attractive for a HTS system as it can alleviate some of the payload’s complexity, a N- 
active (time multiplexing) architecture was considered, and three dynamic allocation
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schemes were proposed, which minimize the capacity losses. The proposed resource 
allocation schemes allocate time slots between the uplinks and downlinks in a more 
flexible manner such as to minimize potential losses, while ensuring given feeder link 
availability. This system employs a time switched payload, enabling any uplink to 
connect to any downlink. In this manner, a downlink can be served by different uplinks, 
encompassing the concept of gateway diversity. In this way, the the number of gateways 
in the system can be reduced whilst keeping the losses at minimum, resulting in a more 
cost effective system. In the case of fixed scheduling, the probability of having losses 
>  5% is almost 80% when 4 gateways in the pool are considered, while the proposed 
algorithms result in a reduced probability of loss of around 63%. On the other hand, 
new scheduling instructions need to be transm itted to the satellite in order to update 
the scheduler. This diversity scheme allows further reduction of the overall number 
of gateways in the system, without requiring de/re- modulation as in full on board 
processing (GBP).
Lastly, the non-homogeneity of the traffic demands was addressed. A joint optimisation 
of non-uniform bandwidth allocation and non-uniform beam sizes to  better m atch the 
long term  traffic demands was proposed in an effort to address the non-homogeneity of 
the traffic demands over the coverage area, which results in an increase of the to tal useful 
capacity and more efficient utilisation of the limited space resources. The proposed 
method splits the coverage area into a number of sub-areas by taking into account 
the traffic demands, with each sub-area to be covered by only one beam size. Then 
the number of beams for each sub-area is estimated, and appropriate beamwidths and 
beam locations are found. This method was applied in a hypothetical traffic scenario 
over Europe, where a maximum number of 200 user beams was assumed. A beam 
lattice with irregular beam sizes was assumed in this study, but we allowed only two 
different sizes to be generated. The overlap between adjacent beams was not considered 
constant. Only the forward direction was studied herein. The results of the forward 
link were presented and compared with a uniform design and a case with only non- 
uniform bandwidth allocation. It was demonstrated th a t an improvement of 7-12% in 
overall throughput can be achieved. Nevertheless, some areas seemed to  fall outside of 
the 3dB beamwidth coverage. As the number of to tal beams increases, the difference
146 Chapter 7. Conclusions and Future work
between the sizes decreases.
7.2 Future work
Based on the achievements of this thesis, we propose some future research work as 
follows;
• Herein, optimistic scenarios have been adopted and it should be noted th a t prac­
tical losses etc may affect the actual capacities achieved. In order to get more 
accurate results, better modelling is required for all the individual components.
• In this thesis, the feasibility of a Tbps satellite system was examined consider­
ing one big GEO satellite. O ther scenarios, which involve cluster of co-located 
satellites need to be also examined and compared with the one satellite case.
• The commutation of user terminals from a GES and to another (handover) needs 
to be analysed and optimised. This is one of the core elements of this scheme. 
It is desirable th a t the handover is transparent to the user so his service is not 
interrupted. This involves Layer-2 handover and Layer-3 handover. Performing 
a seamless handover for such a network is a challenging task. In addition, as the 
frequencies increase, the frequency of ” outages” also increases, making the need 
for transparent handover even greater.
•  The issue of switching/routing traffic between the gateways needs to be examined. 
An algorithm related to method, where and when the traffic from a gateway is 
routed is required. As this Smart Gateway diversity scheme consists of a FM T, its 
interaction with the rest of available techniques has to be examined and optimised.
• Future work on the design of irregular sizes beams. The design needs to take into 
account practical satellite antenna constraints.
A ppendix A
Beam  Plot
The ’’Beam Plot” software is essentially a graphical visualisation tool and a complete 
system level simulator developed by University of Surrey, which allows the generation 
and the editing of beam patterns and to  perform point-to-point or point-to-multipoint 
link budgets. It is written in C #  making use of Microsoft Visual Studio 2010 and its 
current version used in this thesis is 3.41. The software has the ability to  display the 
beam configurations over a geographical map in two different views either as a flat map 
or a map based on sub satellite coordinates. The screen shot consists of two panels as 
can be seen in Figure A.I. The left one contains a geographic map of the world along 
with a superposition of the beams. The right one is the control panel which provides 
information as the latitude/longitude of the curser at a specific point, the values of the 
offsets in the xy plane etc. Also the satellites position is configurable. A block diagram 
of the main components of the software is illustrated in Figure A.2.
W ith the initialization of the program, the software reads from specific files, stored 
in the system, the latitude/longitude of the coast lines and countries borders, thus 
creating a world map. Many of the data files are in Microsoft Excel format thereby 
perm itting easy editing of them. The software can either load an existing beam file as 
an input file or be used to generate a new one. In the first case, the beam patterns are 
contained in, csv files. These files contain information as follows:
• Satellite position
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Figure A.l: Screen shot main window - Beam Plot
• Total number of beams in the grid (active and inactive)
• Beams centres in geographical or satellite coordinates
• Frequency
• Polarisation
• A parameter which defines if a beam is active or not
• Beamwidth of a beam (major and minor axis)
• Beam’s antenna grd or cut file (optional)
The user has the capability of load antenna Grasp grd or cut file. He also can load a 
traffic demands profile.
A .l Beam Generation and Editing
This tool has the ability to generate a new beam pattern. It generates beams in the 
form of a grid. It takes the defined lower left point and generates beams row-wise, from
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Figure A.2: Main program flow chart.
the bottom  to the top. The number of beams per row is defined, and the number of 
rows. The following parameters are defined as inputs:
• Beamwidth (degrees),
• Number of beams (horizontal and vertical plane),
• Frequency/polarisation reuse factor,
• Lowest left points coordinates (satellite coordinates)
The main core of the program considers the satellite coordinates for every action. The 
steps used in the xy plane are explained in [52] :
/g
Xstep =  ~Y~ beamwidth 
y  step = ^ beamwidth
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In this manner, beams are allowed to overlap with each other. First the bottom  row
is filled, and then the rest of rows are completed. In the case th a t some beams in the
grid are not visible, they are marked as inactive and they are not displayed in the plot. 
The frequency reuse factors allowed as inputs are: 1 , 3 , 4  and 7 considering the same 
polarisation for every beam. A special case of frequency reuse of 2 is allowed only if two 
polarisations are used as well (2FAP). Also, there is the ability to generate patterns 
with alternate polarisations either alternating the polarisation row by row or cluster 
by cluster. The frequency and polarisation of each beam is represented by a different 
colour in the output plots. The algorithm followed for the definition of the frequency 
in each beam is described in [52]. The user can also deactivate any unwanted beams. 
Moreover, this software provides the freedom to manipulate the beams by rotating them 
or adding offsets in x-y axes. More analytically the editing options are as follows:
• Delete one beam or a sequence of beams. Any deleted beam is not erased; it is 
just marked as inactive. The reset of the beams positioning can be performed 
manually, by alternating the specific value in the corresponding storage file.
•  Delete frequency colour or polarisation allowing the isolation of the desired beams.
• Change the frequency colour or the polarisation of a beam.
• Change the position of a beam, separately from the grid.
• Choose what to display in the centre of the beams. Three different options are 
available:
— Number of beams in the grid
— Sequel number of the active beams
— Polarisation
A .2 Link budget approach
Two types of link budgets can be performed point-to-point and point-to-multipoint.
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A .2.1 Point-to-point link budget
The user can select a specific point in the screen or through the configuration file. 
The user also specifies the feeder uplink’s characteristics. Then for the selected point, 
the program computes several link budgets for different MODCOD schemes and links 
availabilities. Thus, statistics are generated for the carrier’s bit rate. Basically, it 
performs the calculations in a statistical basis.
A .2.2 Point-to-m ultipoint link budget
It splits the overall coverage area or a specific beam into a grid of points, and for each 
grid point performs a point-to-point link budget. Then, it aggregates the results per 
beam by taking into the traffic profile provided by the user. If not, uniform traffic 
distribution is assumed. The offered traffic per beam and the overall offered traffic can 
be assessed .
A .3 Output approach
The software can generate two different kinds of output: Graphical or file based. In the 
second case, information such as beam pattern, antenna radiation pattern, directivity 
towards a point or a selected area, C /I reports, availability etc. are also output. The 
beam movement is simulated by adding roll, pitch and yaw offsets to the beam pointing 
algorithm. These can be entered by the user or contained as a sequence in an input 
file. The metrics th a t can be estimated are the ratios C/(N-t-I), C /I, C /N , availability, 
atmospheric attenuations, all in dB. They can be calculated for both the feeder link 
(uplink and downlink) and for the return user link (uplink and downlink). The user can 
configure the following values either manually or load them  from a file. The configurable 
values (in dBs) are:
•  Adjacent channel filtering
• One gap channel filtering
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• Cross polar component
• C /N .
• C/IM  (Intermodulation on the downlink)
The software can generate beam configurations and then store them for subsequent use. 
In addition various parameters used during the simulation/calculation can be input, 
these can also be saved and recalled for future runs. Two different approaches are 
followed depending on the choice of gateway or user sides as described below. It should 
be mentioned th a t the procedure for the estimation of C /I for the gateway uplink and 
downlink is the same for both cases. The methodologies for the C /I evaluation are 
presented in Appendix C. The results of this simulator have been validated with those 
of the following simulators:
• DLR’s system simulator - ESA SatNex III
•  Astrium ’s simulator - ESA T erabit/s study
A ppendix B
Satellite Antenna M odel
This Appendix presents the antenna model that was used throughout the study. As 
mentioned earlier, it is based on circular aperture theory. One of the earliest and most 
comprehensive references to this model can be found in [85] and a more recent and 
useful reference in [86]. The model developed here is based on these works. In order 
to reduce the sidelobe levels, there is a need to taper the field distribution over the 
circular aperture. Parabolic tapers to zero at the edge generally result in unacceptably 
low efficiency. Consequently, an alternative that uses a parabolic taper on a pedestal 
value at the edge is more appropriate and the antenna performance can be determined 
analytically for integer taper values and by numerical integration for non-integer values.
As illustrated in Figure B .l, the pedestal height is given by C. The edge taper at C
1
n  =  1
1-C
0
a a
Figure B .l: Aperture distribution parameters
can be mathematically expressed in dB in terms of the edge illumination from the peak
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of the illumination as:
In Figure B .l, a is the radius of the aperture and p' is the aperture radius at the 
point of interest, n is a value th a t indicates the order of the taper roll-off and for 
consideration here it is limited to a maximum of 2.0 and may be non-integer. The 
aperture illumination function is given as:
Ea(p') = C + ( l - C } l l - ( ^ f r  (B .l)
The un-normalised antenna pattern  function is given as:
r2n ra Ott
f u n { 0 ) ^ J  J  E a{p ')exp{j— p'sin{e)cos{(l)-^'))p'dp'd(p'
p2tt ra n-TT
= I Ea{p ')exp{j— p'sm{e)cos{(j) -  (j)'))p'dp'd(f)'
d  27t
=  27t /  (C +  (1 — C )[l — (—) ]^” ) s i n ( ^ ) ) p V p ^  (B.2)
Vo a A
where Jo(-) is the Bessel function of the first kind. Setting U — ^ a ;s in (^ ) the above
equation becomes:
fun{0) = 2 7 r a f  {C + {1 -  C)[l -  {—)‘^ ] ^ )J o { U ^ )d )d p ' (B.3)
J q Œ Œ Œ
Substituting t  = ^  equation (B.2) simplifies to:
f „ n { e )  =  2wo? f \ c + { l  -  C)[l -  e r )J o (U t) td t  (B.4)
Jo
For on axis 6 = 0 thus Jo(0) =  1
/„„(0) =  27ra^  f  {C + (1 -  C)[l -  t^]")tdt 
Jo
= 27to;^( f  C tdt f  (1 — C )[l — t'^Y^tdt)
Jo Jo
= 2 w a \ ^  + { l - C )  f  [ l - e ] " t d t )  (B.5)
2 J q
Setting 1 -  =  cc, then [1 -  t'^]^tdt =  ^ Jq x^dx
Substituting the well know identity Jq x^dx  =  the above integral to  equation
(B.5) one can get;
f „ n ( 0 ) = 2 7 r a \ C + ^ )  (B.6)
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A normalised function with respect to the on axis gain can be determined by f{9 ) = 
fun{6)/fun{0), and the relative gain is given by Gr{9) = 20 • logio(|/(6')|) dB 
In the case where n is non-integer then the integral in the equation needs to be solved 
by numerical means, using a Romberg numerical integration routine. W hen n is integer 
this can be solved analytically as follows:
fi ff , n, C) = ( c  /(« , n =  0) +  ^ / ( e ,  n d  /  ( c  +  (B.7)
where /(6>,n) =  2"+i(n +  l)\Jn+i{U)/U^+^
The parameters used to describe the satellite antenna are t,he antenna diameter or 
radius (a), the field edge taper (typically -10 to -15 dB) leading to (C) and the field 
taper roll-off factor (n) (ranging from 0 to 2).
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A ppendix C
Up- and Down-link C /I  
evaluation
In this Appendix, the methodology for the evaluation of the C /I ratio, for both up- 
and down-link, is described. Two different approaches are followed depending on the 
choice of gateway or user sides as described below. It should be mentioned th a t the 
procedure for the estimation of C /I for the gateway uplink/ downlink is the same for 
both cases. This is due to the assumption th a t each gateway sits in the beam ’s centre.
For the downlink, the C /I is independent of the propagation impairments, e.g. the 
rain attenuation, since the useful and interfering signal follow the same path  from the 
satellite to the considered ground point. F irst the antenna diameter is calculated using 
the input parameters. The specific routine finds the diameter of an antenna th a t fits the 
chosen pattern  at the tripoint overlap level. It does this by iteration until the pattern  
matches the tripoint overlap level at the beam edge angle. The beam edge angle is taken 
as the beam overlap beamwidth/2. After having calculated the antenna’s diameter, the 
software scans every point in a defined beam grid. For each of these points it calculates 
the C /I. The following assumption are made regarding the downlink interference:
• Identical transm itted signals in each beam;
• The forward uplink signals are the same at the centre of each beam;
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BC is the beam centre, T is the victim terminal
a is off axis angle for calculating relative beam gain to the terminal
P is off axis angle for calculating relative beam gain from the terminal to the centre of interfering beam
Figure C .l: Feeder link interference geometry 
There is only one carrier in each beam in the spectrum of interest;
The terminal (gateway) emitting the wanted signal is located at the beam centre.
The C /I can be calculated as:
2 = 1
(C .l)
where G (a) is the wanted beam antenna relative gain at the point of interest, PL^ is 
the path  loss from the satellite to the terminal, PL^ represetns the path loss from the 
satellite to the beam centre of beam(i) and Fi(/3) is a function describing the nature 
of interference. When beam (i) is of the same colour and same polarisation, then F  ^
is the beam antenna relative gain at the point of interest. When beam (i) is of the 
same frequency colour but different polarisation, then F  ^ equals to the beam ’s cross 
polar antenna relative gain at the point of interest. If beam (i) operates in different 
frequency colour and the same polarisation then, then F  ^ equals to the beam antenna 
relative gain at the point of interest reduced by the Adjacent Carrier Isolation { A C I c a p )  
factor, where GAP represents how many frequency sub-bands the interfering beam is 
away from the wanted beam. Lastly, when beam (i) is not the same reuse colour and is 
of the opposite polarisation then Fj is the beam ’s cross polar antenna relative gain at
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the point of interest, rednced by the XPisolation factor, which is an additional constant 
factor to account for the adjacent channel aspect of the cross polarised signal.
For the return uplink, the above approach is followed but for the calculation of the 
interference from the others beams a different methodology is applied. The interference 
from the other beams depends on the position of the interfering user as shown in Figure 
C.2. As the number of terrestrial receivers is high and scattered across the beam, Monte 
Carlo simulations take place for the computation of the C /I. For every point on a grid 
in a beam the C /I is calculated and a PDF of interference generated. The value with 
highest probability is selected and added to the total interference. This is repeated for 
all active beams. The equation C .l is used again for the C /I calculation. Note th a t the
BC
BC \
'* 8?
BC
BC
BC
Figure C.2: Return uplink interference geometry
ratio F.j(/3)/PLi where i is the beam number, is derived by the Monte Carlo simulations 
as described above. Figure C.3 shows the flow chart for the C /I calculation.
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A ppendix D
D V B -S2/R C S2 Tables
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Table D .l: Modulation and Coding for DVB-S2 standard - Nyquist cosine filter factor 
20%
M O D U L A T IO N log 2 (M ) F E C  R A T E E s /N o  d B E b /N o  d B
S P E C T R A L  E F F IC IE N C Y  
b p s /H z  in  R s
S P E C T R A L  E F F IC IE N C Y  
b p s /H z  in  B W
C /N  
d B  in  R s
C /N  
d B  in  B W
QPSK 4 2 1/4 -2.35 0.71 0.494 0.409 -2.30 -3.09
QPSK 4 1/3 -1.24 0.56 0.661 0.547 -1.20 -1.99
QPSK 4 2/5 -0.30 0.70 0.794 0.658 -0.27 -1.06
QPSK 4 2 1/2 1.00 1.03 0.994 0.824 1.03 0.23
QPSK 2 3/5 2.23 1.46 1.194 0.990 2.25 1.46
QPSK 2 2/3 3.10 1.87 1.328 1.102 3.12 2.32
QPSK 3/4 4.03 2.29 1.494 1.240 4.05 3.26
QPSK 4 4/5 4.68 2.65 1.323 4.70 3.90
QPSK 4 2 5/6 5.18 2.97 1.662 1.379 5.19 4.40
QPSK 4 2 8/9 6.20 3.71 1.774 1.472 6.21 5.42
QPSK 4 2 0/10 6.42 3.88 1.796 1.491 6.43 5.64
8PSK 8 3 3/5 5.50 2.97 1.791 1.483 5.52 4.73
8PSK 8 3 2/3 6.62 3.63 1.993 1.651 6.64 5.84
8PSK 8 3 3/4 7.91 4.41 1.857 7.93 7.14
8PSK 8 3 5/6 9.35 5.38 2.493 2.065 9.36 8.57
8PSK 8 3 8/9 10.69 6.44 2.661 2.205 10.70 9.91
8PSK 8 3 9/10 10.98 6.68 2.694 2.233 10.99 10.20
16APSK 16 4 2/3 8.97 4.73 2.657 2.198 8.99 8.19
16APSK 16 4 3/4 10.21 5.46 2.988 2.472 10.23 9.44
16APSK 16 4 4/5 11.03 5.99 2.638 11.05 10.25
16APSK 16 4 5/6 11.61 6.39 2.750 11.62 10.83
16APSK 16 4 8/9 12.89 7.39 3.548 2.936 12.90 12.11
16APSK 16 4 9/10 13.13 7.58 3.592 2.973 13.14 12.35
32APSK 32 5 3/4 12.73 7.01 3.735 3.086 12.75 11.96
32APSK 32 5 4/5 13.64 7.64 3.985 3.293 13.66 12.86
32APSK 5 5/6 14.28 8.09 4.154 3.433 14.29 13.50
32APSK 32 5 8/9 15.69 9.22 4.435 3.665 15.70 14.91
32APSK 32 5 9/10 16.05 9.53 4.490 3.711 16.06 15.27
Table D.2: Modulation and Coding for DVB-S2 standard - Nyquist cosine filter factor 
5%
M O D U L A T IO N Iog2(M ) F E C  R A T E E s /N o  d B E b /N o  dB
S P E C T R A L  E F F IC IE N C Y  
b p s /H z  in  R s
S P E C T R A L  E F F IC IE N C Y  
b p s /H z  in  B W
C /N  
d B  in  R s
C /N  
d B  in  B W
QPSK 4 2 1/4 -2.20 0.86 0.494 0.456 -2.15 -2.36
QPSK 4 2 1/3 -0.75 1.05 0.661 0.610 -0.71 -0.92
QPSK 4 2 2/5 0.40 1.40 0.794 0.734 0.43
QPSK 4 2 1/2 1.60 1.63 0.994 0.919 1.63
QPSK 4 3/5 2.90 2.13 1.194 1.105 2.92 2.71
QPSK 4 2 2/3 3.60 2.37 1.327 1.229 3.62 3.41
QPSK 4 2 3/4 4.60 2.86 1.494 1.383 4.62 4.41
QPSK 4 2 4/5 5.30 3.27 1.594 1.476 5.32 5.10
QPSK 4 2 5/6 5.60 3.39 1.662 1.538 5.61 5.40
8PSK 8 3 3/5 6.30 3.77 1.791 1.657 6.32 6.11
8PSK 8 3 2/3 7.30 4.31 1.993 1.844 7.32 7.10
8PSK 8 3 3/4 8.50 5.00 2.241 2.074 8.52 8.31
16APSK 16 4 2/3 9.70 5.46 2.657 2.452 9.72 9.50
16APSK 16 4 3/4 11.00 6.25 2.988 11.02 10.81
16APSK 16 4 4/5 6.96 3.188 12.02 11.80
16APSK 16 4 5/6 12.60 7.38 3.323 3.068 12.61 12.40
32APSK 32 5 3/4 14.00 8.28 3.735 3.451 14.02 13.81
32APSK 32 5 4/5 15.00 9.00 3.985 3.682 15.02 14.80
32APSK 32 5 5/6 15.60 9.41 4.154 3.839 15.61 15.40
32APSK 32 5 8/9 17.10 10.63 4.435 4.098 17.11 16.90
32APSK 32 5 9/10 17.40 10.88 4.490 4.149 17.41 17.20
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Table D.3: Waveform parameters for DVB RCS2
B u r s t M o d u la t io n C o d e  r a te R e q u ir e d  E s /N o  fo r F E R = 1 0 -5 S p e c tr a l  E ffic iency  ( b i t / s /H z ) R e q u ir e d  E b /N o  fo r  F E R = 1 0 -5 C / N  re q u ir e d
STB3 QPSK 1/3 0.7 0.5 3.71 -0.6
STB4 QPSK 1/2 3 0.78 4.08 1.7
STBS QPSK 2 /3 4.9 1.12 4.41 3.6
STB6 QPSK 3/4 6 1.27 4.96 4.7
STB7 QPSK 5/6 7.3 1.43 5.75 6
STBS 8PSK 2/3 8.6 1.52 6.78 7.3
STB9 8PSK 3/4 10.2 1.72 7.84 8.9
STBIO 8PSK 5 /6 11.8 1.9 9.01 10.5
ST B U 16QAM 3/4 12.2 2.25 8.68 10.9
STB12 16QAM 5 /6 13.7 2.5 9.72 12.4
LTB3 QPSK 1/3 0 0.54 2.68 -1.3
LTB4 QPSK 1/2 2.3 0.83 3.11 1
LTB5 QPSK 2 /3 3.9 1.16 3.26 2.6
LTB6 QPSK 3/4 5 1.31 3.83 3.7
LTB7 QPSK 5 /6 6.1 1.47 4.43 4.8
LTB8 8PSK 2 /3 8.2 1.57 6.24 6.9
LTB9 8PSK 3/4 9.3 1.76 6.84 8
LTBIO 8PSK 5 /6 11 1.96 8.08 9.7
L T B ll 16QAM 3/4 11.6 2.31 7.96 10.3
LTB12 16QAM 5 /6 13 2.57 8.9 11.7
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A ppendix E
Derivations and proofs
E .l Derivation of f i i \ 2. . . N  and c t i ^ 2. . . n
A ccord in g  to  [69], w e have that;
U1\2...n {u 2 • - - U n ) =  E { u i \u 2 . . . U n }
=  Ü2U2 +  . . . +  Un Un  ( E . l )
T h e  co n sta n ts  0 2 , . . . ,  a^v are d eterm in ed  from  th e  sy stem
R 22CL2 +  . . .  +  R 2NCLN =  R i 2
R n 20‘2 +  . . .  +  R n n c l n = R i n  (E .2 )
T h e  above can  b e  form u lated  as:
R 2...iva^  =  p  (E .3 )
w here a =  [ 0 2  . . .  ü n ]^.  T h u s
a = ( R 2...w)'V (E.4)
A lso ,
^l|2...JV — ^  {(%h — O.2U2 — . . .  — U n U n )  U i }
=  E  { u i u \  — {0L2 U2 — . . .  — u n u n )  Uiv}
=  R n  — { R i 2 a 2 +  . . .  +  R i n o > n )  (E .5 )
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Using equation E.4, we have that:
^l|2...iV ^  -Rll -  (R'2 ...iv)“  ^P
= v ' i - p ’’ (R2...n)“V  (e .6)
since R n  = 1.
E.2 Proof ()f -< 1
We have th a t ftk =  Lets assume th a t 1. The highest value of occurs
for k — 1.
N  + P
P j / j  y l ^ P { p - l ) y l - p N
(p ^ < 0  p ^  1 ^
p - 1
The right side of the inequality depends on N ,p . Lets define as f{ N ,p )  =  •
d f  1 - p
ON p - 1  
c)f 1 -  TV
dp {p — 1)2
as 7^ >: 1. As iV or p increases, /  decreases. Thus the maximum value of /  occurs 
when N  =  m in{N )  and p =  min{p).
fmin — 7(1,0) =  - 1  P  < - 1
which is impossible. Hence the assumption th a t (3k y  1 is false, and ^ k ^ l -
E.3 Proof of the Poutage=p
Pou..,e = j : P U f { l - p f - ^
i= 0
m  i A i - p f
^ i \ { N - i ) l N ‘  ^ (1 -p )*
(1 -  p ) "  A , p* m
(E.8)
E.4. Proof of binomial distribution 167
It is known th a t ^
y~] ix^ =  N x (x  +  l)-^~^ (E.9)
i=a /
replacing equation (E.9) to equation (E.8) we get:
( i - p r  P
^outase jy l _ p -
P outage ~  P
E.4 Proof of binomial distribution
If every pi =  p, then
iV N
Y [ p /  = U C *  =
E x j
pj=i
j = i  j = i
Jc= p^ (E.IO)
and
N  N
Thus
1:1(1 -  == P [(1  _
j= l j= l
=  ( l - p ) ( ^ - ^ )  (E .l l)
P  (k gateways in outage) =  ^ p ^ ( l  — p)^^
1 = 1
=  (E.12)
which is the binomial distribution.
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